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SUMMARY 

Antibiotic discovery requires a multilevel approach to finding candidates. My projects

involved three approaches toward the antibiotic discovery: (1) the identification of additional

targets of bio-active oxadiazole compounds, (2) understanding a drug resistant mechanism for the

next generation drug modification, and (3) the characterization of a drug target of multiple

pathogens for both narrow and broad spectrum drug development.

In the identification of additional targets of oxadiazole compounds, Staphylococcus aureus

resistant strains were developed against two compounds. The genomic DNA analysis of the

resistant strains revealed different mutations in the same gene, a gene in the tetracyline repressor

(TetR) family (we named it TetR-PK). To identify the gene that TetR regulates, a transposon

insertion was used to knock-out the TetR-PK gene, and further selected resistant strains. The

genomic DNA analysis of the resistant TetR-PK knock-out colonies showed a single nucleotide

insertion in an intergenic region in - between YhgE and TetR-PK genes. Further studies are

needed to determine the function of this intergenic region.

In the second approach, we used error prone PCR to generate 326 mutations in an essential

enzyme enoyl-acyl carrier protein reductase (FabI). Forty two genes with single mutations were

introduced individually into an expression vector. The expressed proteins were then tested for

triclosan binding. MIC measurement of a mutant A33V show 450 fold increase in triclosan

concentration required to inhibit bacterial growth, clearly demonstrating its resistance toward

Triclosan. This mutational studies allow us to understand the mechanism(s) leading to triclosan

resistance and to provide possible modifications on triclosan rendering bio-activities again.

xv



The third approach focused on the biochemical and biophysical characterization of an

enzyme being targeted for drug development, the PurE enzyme in the purine biosynthesis pathway

of Bacillus anthracis, Francissella tularensis and Yersinia pestis. The solution properties of the

three homologous enzymes were mostly the same except the surface hydrophobicity. The results

defined a frame work for narrow and broad spectrum antibiotic development.

Antibiotic resistance is one of our most serious health threats, so we need to develop

antibiotics faster than the rate at which bacteria develop mutations that render them resistant. My

studies on target identification, target mutation and target characterization are all essential

components in antibiotic discovery. 

xvi
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1 Introduction

1.1 Emergence of Antibiotic Resistant Pathogens

 Natural evolution has the ability to create bacterial cells with many mutations in many

genes and/or with foreign plasmids from other bacterial cells. With the application of antibiotics,

many bacterial cells are killed by antibiotics and they are antibiotic sensitive bacterial cells.

Those with certain mutations or plasmids such that they are able to continue to grow in the

presence of antibiotics are left to grow and multiply, and they are antibiotic resistant bacterial

cells. The more antibiotics are used, the more resistant bacterial cells dominate, as stated in the

Center for Disease Control and Prevention (CDC) publication

(https://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508). As we apply

different antibiotics, we eradicate all susceptible and sensitive bacteria present. The resistant

bacteria eventually take over and some of the resistant pathogens transfer their resistant genes or

plasmids to other pathogens that were still susceptible to the given antibiotic. This transfer will

create new resistant strains and the resistance continues spreading (Figure 1.1).

The persisting threat of antibiotic resistant pathogens infection is a serious peril for medicine.

The need for new antibiotics to clear infection has created some unforeseen problems that are

threatening the efficacy of modern medicine. As we are increasingly relying on existing

antibiotics, the need to develop new antibiotics is more urgent than ever, given the rapid

emergence of antibiotic resistant pathogens. As stated above, antibiotic resistant pathogens

emerge from antibiotic sensitive bacteria with only a hand full of the bacteria being resistant to

our antibiotic. 
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Figure 1.1: Process of antibiotic resistant pathogen emergence. Blue depict pathogens that are

susceptible to the antibiotics, red refer to pathogens that are resistant to the antibiotics either by

having a resistant mutation in the genome or by having a resistant gene. X on blue describe the

susceptible bacteria that have been killed by the antibiotic. Purple depict a susceptible bacteria in

the process of acquiring a resistant gene (https://www.cdc.gov/drugresistance/about.html).
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1.2 Common Antibiotics, Targets and Resistance Mechanisms

Up to the present days, we still rely heavily on antibiotics discovered during the “golden

era” of (1950 - 1970). Since the discovery of penicillin in 1928, more than 100 antibacterial

compounds have been discovered to treat infections mostly in that era. Since then, the pace at

which new class of antibiotic entered the clinics slowed down to the point where no new class of

antibiotic has been approved since the approval of damptomycin in1987 (Davies et al., 2010;

Lewis et al; 2013). This time span coincides with the accelerated emergence of antibiotic

resistant pathogens (Rogers et al., 2012). For example β-lactam, cycloserine, fosfomycin,

glycolipids, lantibiotic, lipoglycopeptides plectasin, and polypeptides target the cell wall

synthesis; amphenicols, lincosamides, macrolides and ketolides, oxazolidinones, pleuromutillin,

streptogramins, and thiopeptides, target the 50s in protein synthesis; aminocyclitols,

aminoglycosides, edeine pactamycin, and tetracyclines target the 30s in protein synthesis;

actinomycins, ansamycins, rifamycins, tiacumicins target RNA polymerase; aminocoumarins and

fluoroquinolones target DNA gyrase; diaminopyrimidines and sulfonamides target folate

synthesis mechanism; lipopeptides and polymyxins, target the cell membrane structure (Figure

1.2). Some of the prominent molecular antibiotic targets discovered so far also included DNA

topoisomerase II and IV, RNA polymerase, penicillin-binding proteins, peptidoglycan units, the

cell membrane, the 30s ribosome and 50s ribosome subunit, folic acid synthesis as reviewed in

(Kohanski et al., 2010; and Chellat et al., 2016; Figure 1.2). Resistant pathogens strains to these

classes of antibiotics (sulfonamides, β-lactams, aminoglycosides, tetracyclines, macrolides,

glycopeptides, streptogamins, lincosamides, linezolid, phenicols, rifammyins, fluroquinolones,
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and lipopeptides (Kohanski et al., 2010)) have emerged since the introduction of most of them in

the clinic. The observed methods of resistance included over-expression of efflux pump to expel

the antibiotics from the intracellular environment, destruction of the antibiotics, target mutation

or cellular membrane alteration to prevent the crossing of the antibiotic from outside of the cell

to inside of the cell (Chellat et al., 2016; Figure 1.2). 
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Figure 1.2: Mechanism of intrinsic resistance development, resistance acquisition and common

antibiotic targets (Chellat et al., 2016). The “Targets” refer to the molecules inside the cells

known to be acted on by antibiotics. “Mechanism” is the intrinsic methods developed by the

bacteria to resist the antibiotics. “Acquisition” is getting foreign elements from the environment

that render the bacteria resistant to the antibiotics (Reprinted with permission from Wiley and

Sons).
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1.3 Impact of the Emerging Antibiotic Resistant Pathogens 

Given the estimations by the Center for Disease Control and Prevention (CDC),

2,000,000 illnesses and 23,000 deaths in human cost each year are directly attributed to the

resistant pathogens. In addition to the human cost, these resistant pathogens are responsible for

$20 billion dollar in excess direct health care costs each year, and if we take into account the lost

in productivity regarding everyone involved, the cost can be as high as $35 billion dollar each

year. Pathogens of high priority includes Bacillus anthracis, Francissella tularensis and Yersinia

pestis, all classified as Category A Biothreat Agents by the CDC in part due to the fact, that they

can be easily disseminated, and their spread can result in a high mortality rate.

(https://emergency.cdc.gov/agent/agentlist-category.asp). Bacillus anthracis can be treated with

common antibiotics, however, resistance to ciprofloxacin (the first choice for anthrax treatment)

has been reported (Lance et al., 2003). Francissella tularensis and Yersinia pestis are often

treated with streptomycin, however resistant Yersinia pestis to multiple antibiotic have been

detected (Marc et al., 2006). Francissella tularensis show resistance to beta lactam and

azithromycin (Ikaheimo et al., 2000). The possibility of using B. anthracis, F. tularensis and Y.

pestis as a biological weapon raises the stakes for finding antibiotics for these pathogens. The

high priority in methicillin resistant Staphylococcus aureus (MRSA) come from the fact that

these pathogen is labeled as a “superbug” due to it resistance to many antibiotics. 
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1.4 Current Approaches to Antibiotic Discovery

Currently explored methods of antibiotic discovery to counter the rapid emergence of

resistant pathogens includes finding new classes of antibiotics and finding novel molecular drug

targets. In the process of antibiotic discovery, finding new chemicals is essential in developing

the next generation of antibiotics. Meanwhile, with the identification of new targets, we can

identify molecules with different mechanism of action than currently exist. For these new

compounds to become antibiotics, they need to be on target, in order to have minimal side

effects in human.

Multiple approaches have been used along with the information from the mechanism of

resistance to design new class of antibiotics as well as create analogs of the existing antibiotics to

combat the resistant bacterial strains. It is a combination of learning from the mechanism of

resistance, designing new or alternate scaffold in order to conquer the emerging resistant

pathogens (Chellat et al., 2016; Figure 1.3). 
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Figure 1.3: The process of antibiotic discovery and re-development. A new bio-active molecule

is discovered, the bacteria develop resistance to that molecule, scientists learn about the

mechanism of resistance, develop an analogue that can overcome the resistance, apply the new

molecule to the sensitive and resistant bacteria, and if the bacteria develop resistance to the new

molecules, the cycle continues (Chellat et al., 2016). (Reprinted with permission from Wiley and

Sons).
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Since whole genome sequencing (WGS) became accessible (Quainoo et al., 2017),

almost all the genes have been identified in different bacteria and in human which facilitate the

targets identification and target validation. Due to the advances and ease in gene manipulation

and recombinant protein production, many structures have been solved (Kroemer et al., 2007),

facilitating structure-based drug discovery. Structure-based drug discovery is becoming a method

of choice for high throughput screening of natural products and synthetic molecules. It is also

increasingly being used to uncover mechanism of action of antibiotic lead molecules. Whole

genome sequencing is also being used in the sequencing of the genome of clinical isolates or

laboratory evolved strains for resistant mutants identification.

1.5 Second Generation of Drug Development

A derivative or an analogue of existing antibiotics may become effective in fighting

resistant strains. Medicinal chemistry methods are used to improve an existing antibiotic

molecule to become useful in resistant strains.

1.5.1 Rational Identification of Target and Structure-Based Drug Discovery

Methods used to identify targets include understanding metabolic pathways of both

human and pathogens, particularly the enzymes involved in each step of metabolism. With a

target identified, structure-based drug discovery platform is often used to screen for inhibitors.

The method yields a molecular level information on target engagement as well as the mode of

action of a particular compound. A major difficulty encountered in this approach is that the

identified compounds may also interact with other targets. Coupling structure-based drug design
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approaches and other methods can lead to a unique target identification and therefore a positive

outcome in drug discovery.

1.5.2 Mutant Selection and Whole Genome Sequencing

Antibiotic resistant bacterial strains are selected and the genes in the entire genome are

sequenced to identify those genes that are mutated. Whole genome sequencing uses both the

process of sequencing to gather the sequence of the fragments and the bio-informatics to

assemble the genome as well as align it to a reference wild type genome. Crucial mutations are

identified in the sequencing, and the mutations can be confirmed to be responsible for the

resistance by measuring the concentrations of antibiotics required to kill the native bacterial cells

compared to a strains with plasmids consisting of the mutations introduced into these strains.

1.5.3 Gene Knockout by Transposon Insertion

Transposons are named since they are mobile and able to be dislocated around a given

genome. Transposable elements are DNA fragments often used to study the function of a given

gene. They can be inserted through integration during replication (Opijnen et al., 2013), or pasted

into the genome by an enzyme. A pathogen gene with a transposon inserted in its sequence will

lose its function leading to a distinct phenotype in the pathogen. Thus, transposon insertion can

be used in a high throughput fashion to randomly knockout different genes and screen for the

phenotypic effect, or the transposon can be used to knockout a specific gene, and study the

function(s) of that gene (Mesarich et al., 2017). Transposable element can be genes that are

resistant to antibiotic (Craig et al., 1997) or it can code for a particular phenotype. Though

transposon insertion can be used to identify gene function, other gene characteristics are

necessary for viable drug target identification/verification. 
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1.5.4 PurE as a Viable Target for Drug Discovery

N5-Carboxyaminoimidazole ribonucleotide mutase (PurE) is an essential enzyme in the

de novo purine biosynthesis pathway that catalysis the conversion of N5-CAIR to CAIR (Zhang et

al., 2008) and is an octameric enzyme (Mathews et al., 1999). This N5-CAIR to CAIR

conversion step is important in drug discovery, since the substrate in bacteria differs significantly

from that in human (Figure 1.4). PurE knockout of Bacillus anthracis (B. anthracis) cells

exhibited reduce pathogenicity in blood (Samant et al., 2008), attesting to the essentiality of the

enzyme in the de novo purine biosynthesis pathway. Also, a transposon site hybridization in

Mycobacterium tuberculosis showed that PurE is essential for optimum growth (Sassetti et al.,

2003).
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Figure 1.4: Conversion of AIR to CAIR catalyzed by different enzymes. In higher eukaryote

including human the conversion is a one step process, catalyzed by Pur6 with CO2 as a cofactor.

In prokaryote, AIR is irreversibly first converted to N5-CAIR followed by the interconversion

between N5-CAIR and CAIR catalyzed by PurE found in bacteria. Adapted from Zhang et al.,

2008.
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1.6. Summary

Using B. anthracis PurE as a target, high throughput screening has identified several 1, 3,

4 oxadiazole compounds to be inhibitors and some were shown to be potent against a wide range

of both gram positive and gram negative bacteria (Kim et al., 2015) (TABLE I). Though different

approaches have been proven successful for developing antibiotics in different settings, this study

focused on target identification, target mutation and characterization of targets. They are

discussed in the next three chapters. In the second chapter, I focused on the identification of the

molecular target of 1, 3, 4 oxadiazole compounds in Staphylococcus aureus (S. aureus). In the

third chapter, I identified the effect of mutations in target enoyl-acyl carrier protein reductase

(FabI) in S. aureus cells. In the fourth chapter, I characterized the target (enzyme PurE) in

Bacillus anthracis, Francisella tularensis, and Yersinia pestis pathogens. Antimicrobial

resistance is one of our most serious health treats. New antibiotics need to be developed faster

than the rate bacteria develop mutations that render resistance. Multiple antibiotic development

platforms are available for us to obtain new antibiotics.
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TABLE I: PERCENT INHIBITION OF 1, 3, 4 OXADIAZOLE COMPOUNDS ON BAPURE,
AND MIC OF OXADIAZOLE COMPOUNDS ON DIFFERENT BACTERIAL STRAINS.
ADAPTED FROM KIM ET AL., 2015.

Compound % Inhibitiona MIC (μg/mL)

BaPurE Bab Ftb Ypb MSSAb MRSAb EcTolC-b

LC1 27 0.15 6.25 >12.5 0.29 0.39 0.29

LC2 19 0.10 3.1 >12.5 >12.5 6.25 0.39

LC3 13 0.10 >12.5 >12.5 >12.5 >12.5 >12.5

LC4 19 0.10 6.3 >12.5 0.2 >12.5 0.02

LC5 20 0.05 1.6 3.1 0.78 1.95 0.07

LC6 15 0.78 1.2 3.1 1.56 3.13 0.39

Cipro NDc 0.11 0.03 0.04 0.35 0.34 0.01

Linezolid ND 2 32 ND 2 ND ND

aInhibition: reported values were obtained from a range of 2 to 4 trials with an average of 7%
error. 

bBa = B. anthracis (ΔANR strain) cells; Ft = F. tularensis cells; Yp = Y. pestis cells; MSSA = S.
aureus (methicillin susceptible strain 29213) cells; MRSA = S. aureus (methicillin-resistant
strain 43300) cells; EcTolC- = E. coli (BW25113 TolC-) cells.

 cND = not determined
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Chapter Two 

Target Identification of 1, 3, 4 Oxadiazole Compounds in Staphylococcus aureus

2.1. Introduction

Finding the target for a bioactive small molecule and unraveling it mechanism of action

inside a bacterial cell are still major road blocks in drug discovery (Neggers et al., 2018). Cell-

based antibiotic discovery is a method of choice as it ensures successfully jumping the major

hurdle of cell membrane permeability in the antibiotic discovery process (Ioerger et al., 2013).

Genetic and cell-based approaches are also shown to be powerful methods to find as well as to

characterize bioactive molecule targets (Zheng et al., 2004). PurE is an essential enzyme in the

building block formation of the purine bases. It catalyzes the interconversion of N5-CAIR to

CAIR in prokaryote and is a domain of Pur6 in human. Pur6 catalyzes the conversion of AIR to

CAIR in the presence of CO2 in human. This key difference in substrate intake made PurE an

essential target for antibiotic development. A high throughput screening of target PurE from

Bacillus anthracis (BaPurE) yielded potent compounds against Bacillus anthracis,

Staphylococcus aureus - both methicillin sensitive (MSSA) and methicillin resistant (MRSA),

Escherichia coli TolC-, Francisella tularensis and Yersinia pestis (Kim et al., 2015). These

potent compounds are members of the azole family with (1, 3, 4 oxadiazole) as a common

component. 

An observed discrepancy between minimum inhibitory concentration (MIC) and the

compound concentration required for BaPurE inhibition (IC50) led to the suggestion that other

target(s) are also responsible for the high potency of the compounds (Kim et al., 2015). The goal

of my study was to identify the additional target(s) in S. aureus. Among the identified potent
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compounds, LC2 (2, 5-dichlrobenzene 2-carboxamido-1, 3, 4-oxadiazole 2-phenyllepidine) and

LC5 (2, 5-dimethylbenzene 2-carboxamido-1, 3, 4-oxadiazole 2, 5-chlorothiophene) were

selected at random for this study. There are 3065 genes in S. aureus (2.9 x 106 nucleotides). How

to find just one or two gene products that interact with LC2 and LC5 was the challenge. 

Using drug resistant pathogenic strains to locate mutant proteins is a mean to identify

drug target(s) (Cloete et al., 2016). We have used this method to identify the other target(s) of

LC2 and LC5 in this class of potent compounds that retard the growth of several pathogens.

2.2. Materials and Methods

Materials were from Thermo Fisher (Waltham, Massachusetts) otherwise specified.

2.2.1. Bacterial Cell Growth

Cells of Staphylococcus aureus Newman strain (a laboratory strain; Nair et al., 2011) (S.

aureus cells) were obtained from Dr. M. Johnson lab of UIC. Cells of Bacillus anthracis Ames

strain (ΔANR, a non-pathogenic strain) (B. anthracis cells) were from Dr. J. Cook lab of Loyola

University of Chicago. Cells of Escherichia coli with the TolC efflux pump knocked out (E. coli

TolC- cells) were obtained from Dr. A. Mankin lab of UIC. Cell growth was started with either a

single colony or a frozen stock (4 μL) in 4 mL medium solution. The medium for S. aureus cells

is brain heart infusion (BHI) medium, and B.anthracis and E. coli TolC- cells is Luria broth (LB)

medium. The cell culture was incubated at 37 oC while shaking with 240 rotation per minute

(rpm) overnight (16 to 18 h). This overnight culture was diluted 100-fold and incubated at 37 oC

with 240 rpm shaking until a desire optical density at 600 nm (OD600) was reached. Since most of

the compounds used in this study were dissolved in DMSO, cells were grown in 0-2% DMSO to
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an OD600 of 1. For cell growth on agar plates, agar (3 gm) in BHI or LB medium (200 mL) with

the appropriate concentration of the compound was used. 

2.2.2. Miles and Misra Cell Count (Colonies Forming Unit)

The Miles and Misra cell counting method (Miles et al., 1938) was used to determine the

colony forming unit (cfu) in a given inoculum. A cfu is the number of viable bacterial cells in a

sample and was determined using serial volume dilutions, starting from cells at an OD600 of 1,

with 100-fold dilution, followed by 100- or 10-fold dilution until a 109-fold dilution was

achieved. With each dilution, the cell solution (100 mL) was plated and incubated at 37 oC for 18

h. The plates with 10 or fewer colonies were counted, and the dilution factors of the plates were

noted. For example, for 5 cells counted on the 109 dilution plate represented 5 x 109 cfu for the

original sample.

2.2.3. MIC of S. Aureus Cells in Liquid Medium

Cell culture of a single colony was used for overnight culture, and the overnight culture

(20 µL) was diluted 100-fold in fresh BHI and incubated at 37 oC with shaking at 240 rpm for 2.5

to 3 h to give an OD600 of 0.2 to 0.6 (mid log phase). 

During the cell incubation time, a 96-well flat bottom plate was prepared for MIC

determination using the micro-dilution method (Hevener et al., 2012), with slight modifications.

BHI medium (146 µL) was added to the 12th well of a specific row, and BHI (75 µL) was added

to each of the remaining wells of the same row. 4 µL of a specific compound, LC2 or LC5 (Kim

et al., 2015; section 2.1) at a specific concentration was added to the 12th well to give a final

volume of 150 µL. 75 µL solution of this well was pipetted and introduced to the 11th well to
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give a total volume of 150 µL in this well and thus half of the concentration of the compound in

this well. This step was repeated for the 10th to the 2nd wells. The 75 µL from the 2nd well was

discarded leaving the first well without compound as a negative control. Different rows were

used for different compounds and/or different cell types if needed. 

At the end of the cell incubation, the cell culture was diluted to an OD600 of 0.004. The

diluted cells (75 µL) were added to each of the 12 wells on the plate prepared above to give a

calculated final OD600 of 0.002. The plate was sealed and incubated with no shaking at 37 oC for

overnight (18 to 20 h growth). The next morning, the wells were visually inspected for turbidity

as a sign for cell growth. The well with the lowest compound concentration to give no visible

turbidity (cell growth) was noted, and this compound concentration was reported as the MIC

value of the compound for the cells used. 

Using the method above, we also tested the MIC of antibiotics with known mode of

action on S. aureus Newman and B. anthracis ΔANR cells, in order to narrow down the pathway

on which, our compound might be acting on. The idea was that if our compounds have a target

similar to the antibiotic, they will have similar MIC increase and/or decrease on wild type (WT)

strain, mutant strains and knockout strains. This antibiotic were ciprofloxacin (targeting DNA

gyrase), tetracycline (targeting the ribosome), chloramphenicol and erythromycin (targeting 50s

ribosome), triclosan (targeting fatty acid metabolism and specifically FabI enzyme) and

ampicillin (targeting the cell wall synthesis). Also, the MIC values of several compounds sharing

the same core structure as LC2 and LC5 were determined on S. aureus Newman, B. anthracis

ΔANR and E. coli TolC - cells in order more compounds that are potent against our bacterial

strains.
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2.2.4. Compound Resistant Cells (Mutants) Selection

Agar plates containing LC2 or LC5 at a concentration of 0.5x, 1x, 2x, 5x, 10x, 20x or

40x, with x as the MIC value of the WT cells, were prepared. S. aureus Newman or B. anthracis

ΔANR cell culture with 109 cfu was centrifuged, re-suspended in medium (100 µL or less) and

spread to each plate. Only colonies that appeared after 24 h incubation at 37oC were picked and

re-streaked on new agar plates with the same compound concentration. The colonies that grew on

the new plates were kept and processed for DNA sequencing. The plates with no growth were

discarded. 

2.2.5. MIC on Resistant Mutants

The MIC values of compounds LC2 and LC5 on the selected resistant cells were tested

and compared to that of the wild-type strain to confirm their resistance by the increase of their

MIC compared to the MIC of the wild-type strain. To check whether efflux pumps on the

membrane was over expressed in the mutant colonies, the MIC of kanamycin, a known

antibiotic, was also used to compare its MIC on the wild-type and on the mutant colonies. If the

pump was over expressed in the resistant cells, kanamycin MIC value would be higher in the

resistant cells than in the wild-type cells. BHI medium was used for S. aureus Newman cells, and

LB was used for B. anthracis ΔANR and E. coli (TolC-) cells.

2.2.6. Genomic DNA Extraction

Overnight culture (4 mL) was pelleted, re-suspended in water (600 µL), and pelleted

again. The genomic DNA (gDNA) from B. anthracis cells were obtained by lysing the cells at

90 oC for 10 m to release the cell content including the gDNA. The gDNA from S. aureus

Newman cells was extracted by adding 10 units/mL of lysostaphin to help break down the cell
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wall, and using MoBIO genomic DNA extraction kit (MoBio, Germantown, Maryland). Small

amounts of gDNA were extracted by this method suitable for PCR fragment amplification. When

a large amount of gDNA was needed for whole genome sequencing, GenElute bacterial genomic

DNA Kit (Sigma Aldrich, St. Louis, Missouri) was used to extract the gDNA from S. aureus

colonies with slight variation. Overnight culture (4 mL) was pelleted, washed with water and

pelleted once more. The cell suspension was supplemented with 10 unit/mL of lysostaphin and

105 unit/mL lysozyme before eluting the DNA using water.

2.2.7. Genomic DNA Sequencing and Sequence Analysis

The extracted gDNA from S. aureus was sent to the UIC Research Resource Center

(RRC) for Illumina whole genome sequencing. Samples were prepared according to RRC

protocols. Briefly, DNA samples were extracted at a concentration of 100 ng/μL with an A260 to

A280 ratio of greater than 2. The bioinformatics analyses of the generated sequence were carried

out by the Center for Research Informatics (CRI) at UIC, including raw data quality control,

alignment of the sequence to the reference genome (wild type S. aureus, NC_009641.1) the

identification of mutants with SPANDx and annotation of the mutants. SPANDx relied on BWA

MEM to align the individual reads to the reference genome, then utilized GATK to identify the

mutants and finally employed SnpEff for mutant annotation. The CRI team then generated a

summary table of detailed mutants from VCF files that identified and compared mutations

between colonies sequenced with special attention to the difference between wild type and

mutant sequence. The annotated mutants were used to identify the genes involved. Each of the

gene carrying the appropriate mutants was translated into amino-acid sequence and was aligned

to the wild type amino-acid sequence to identify mutated residues. With the mutated gene of two
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colonies identified, the other colonies were subjected to PCR amplification of the same gene. The

PCR products of these colonies were sequenced and analyzed for amino-acid residue mutation.

This was a cheaper and more efficient method than a gDNA sequencing of each resistant colony.

2.2.8. Mutated Gene Product Identification and Knockout

With the gene annotation, we searched the gene product (corresponding protein) in the

National Center for Biotechnology Information web site. The gene, here referred to as “Gene A”,

was subjected to knockout by transposon insertion. Gene A was searched and identified in the

Nebraska transposon library of S. aureus USA300. The transposon, a 3000 base pair DNA

fragment including an erythromycin resistant gene, was inserted within the first third portion of

Gene A. This S. aureus USA300 “Gene A knockout” strain (from Dr. T. Bae at the Indiana

University School of Medicine- Northwest) was used to prepare the S. aureus Newman Gene A

knockout strain (Figure 2.1), following published method (McNamara et al., 2008).
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Figure 2.1: USA300 (Transposon donor) DNA gel screening for contaminants screening.

Genomic DNA was extracted from the S. aureus USA300 strain, and the primers for Gene A

amplification was used to amplify the transposon inserted gene. The size of the amplified

fragment was used to identify the clones containing the transposon in Gene A. A size of 800 base

pairs was expected for Gene A and that of 4,000 base pairs was expected for transposon inserted

Gene A. C1, C2 and C3 are the single colonies, - Ctl is the negative control, and it represents the

size of Gene A in S. aureus Newman before the transposon insertion. The Ladder is a 1 Kb

ladder and has DNA fragment sizes going from the molecular size of 250 to 10,000 base pairs.
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2.2.8.1. Phage 85 Stock Preparation

Phage 85 (Φ85, from Dr. Hyunwoo Lee lab, UIC) was used to transfer the Gene A

knockout from S. aureus USA300 to S. aureus Newman. Since the sample of Φ85 was frozen for

more than one year, it was revived by preparing an overnight culture (2 mL) of S. aureus

Newman in BHI. This overnight culture (50 µL) was diluted 100-fold with fresh BHI containing

5 mM CaCl2 and incubated with shaking at 37 oC for 2.5 h. The culture was then split in two. To

one, the phage stock solution (1 volume) was added to 1,000 cell culture volume. Both tubes

were incubated overnight. The phage in the medium was extracted by centrifugation and filtering

the supernatant through a 0.45 μm filter.

2.2.8.2. Transducing Phage Preparation

A transducing phage preparation was started by making an overnight culture of S. aureus

USA300 cells with 10 µg/mL erythromycin. The S. aureus USA300 overnight culture was

diluted 1:100 with fresh BHI (5 mL) containing 10 µg/mL erythromycin and 5 mM CaCl2 to

activate the phage and incubated at 37 oC with shaking for 2.5 h to an OD600 of 0.6. Freshly

prepared phage solution at various volumes (0, 5, 10, 25, 50 and 100 uL) were added into S.

aureus USA300 culture aliquots (1 mL) and incubated overnight at 37 oC. The sample(s) with

sufficient Φ85 to give ~ 30 colonies was/were used to extract the transducing phage. 

2.2.8.3 Phage Transduction

Overnight culture of S. aureus Newman (1 mL) in BHI containing 5 mM CaCl2, and

5 µg/mL nalidixic acid (a quinolone antibiotic for Newman selection) was prepared. Agar plates

were made with sodium citrate (to de-activate the phage) to select colonies. The colonies selected

were then plated on a plate without both CaCl2 and sodium citrate to obtain clean colonies.
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Following this step, fresh BHI (20 mL) was used to dilute the overnight culture of S. aureus

Newman (1 mL) and incubated for 1 h at 37 oC with shaking. An aliquot (1 mL) of S. aureus

Newman cells were pipetted into a fresh sterile Eppendorf micro-centrifuge tube and 0, 10, 50

and 100 μL of transducing phage solution was added. The diluted culture was incubated for 30 m

at 37 oC with shaking, and the cells were spun down with a table top centrifuge at room

temperature for 30 s at the top speed. The supernatant was decanted, and the cell pellets were

washed with 1 mL of ice-cold 40 mM sodium citrate solution, and spun down for 30 s. The

washed cells were suspended in 100 μL of 40 mM sodium citrate solution and plated on tryptic-

soy-agar plates with sodium citrate (40 mM) and erythromycin (10 mM). These plates were

incubated at 37 oC for 2 days, and 2-4 colonies were streaked on plates with erythromycin (10

mM) but without sodium citrate. 

2.2.8.4. Verification of S. aureus Newman Gene A Knockout

The gDNA of Gene A knockout S. aureus Newman cells was extracted as previously

described in “Genomic DNA Extraction”. Primers specific to the inserted transposon and a pair

of primers specific to Gene A were used to amplify the DNA fragment of Gene A containing the

transposon by PCR. The amount of PCR product generated and the size of the amplified

fragment were used to identify colonies with and without the transposon in Gene A (Figure 2.2).



25

Figure 2.2: Colonies screening for S. aureus Newman positive clones. S. aureus Newman WT is

erythromycin sensitive and the transposon carries an erythromycin resistant gene. Erythromycin

was used to select for clones containing the transposon and PCR was used to ensure that the

selected clones had the transposon in Gene A. C1 to C10 denote the colony number that the

fragment was amplified from. The expected band size for the wild type Gene A is 800 bps and

that of the transposon (Gene A knockout) inserted is 4,000 bps. Colonies without fragment

around 4,000 bps were considered to be contaminants.
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2.2.9. Protein Structural Speculation

The amino-acid sequence of unknown gene was submitted to the I-TASSER program

(https://zhanglab.ccmb.med.umich.edu/I-TASSER), which identifies the top 10 templates in the

Protein Data Bank (PDB), and predicts the most likely structure, possible location for ligand

binding, enzyme commission number and the molecular function.

2.3. Results

2.3.1. Cell Growth

The cell growth was found to be not affected by DMSO, up to 2%, in the growth medium.

About 3 h were needed for S. aureus Newman cells and 3.5 h for B. anthracis ΔANR cells to

reach an OD600 of 1. For 1 mL of S. aureus Newman cells with OD600 of 1 correspond to 1.5 x

109 cfu and for B. anthracis ΔANR cell culture, 3.6 x 107 cells.

2.3.2. MIC of LC2 and LC5 on Wild Type S. aureus Strains

For the wild types of S. aureus Newman cells, the MIC of LC2 ranged from 0.0.20-0.80

µg/mL (n = 5), and that of LC5 was 0.31 (n = 6) µg/mL. 

The MIC values was 0.25 mg/mL for ciprofloxacin, 0.03 mg/mL for tetracycline, 4.00

mg/mL for chloramphenicol, 0.25 mg/mL for erythromycin, 0.03 mg/mL for triclosan, and 0.13

mg/mL for ampicillin on S. aureus Newman wild type strain.

2.3.3 MIC of Other Compounds on Wild Type B. anthracis, E. coli TolC- and S. aureus

Other 1, 3, 4 oxadiazole compounds with substituents different than that found in LC2

and LC5, and were not tested for PurE inhibition were found to have MIC values ranging from

0.07 μg/mL to 1.1 μg/mL against the 3 bacterial strains tested (TABLE II). Under the same
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conditions tested, some of these MIC values were comparable or lower than the MIC of

ciprofloxacin and linezolid. 
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TABLE II: MIC OF 1, 3, 4 OXADIAZOLE BIO-ACTIVE SMALL MOLECULES ON S.
AUREUS NEWMAN, B. ANTHRACIS (ΔANR) AND E. COLI (TOLC-). THIS COMPOUNDS
WERE OBTAINED FROM THE LIFE CHEMICAL LIBRARY AND ARE ANALOGOUS TO
LC2 AND LC5, HAVE SIMILAR CORE, BUT DIFFERENT SUBSTITUENTS. THE MIC
ARE DETERMINED AS DESCRIBED IN METHOD AND WAS RECORDED IN ΜM, THEN
CONVERTED TO ΜG/ML.

Compound ID MIC on 

S. aureus

Newman

(μg/mL)

MIC on 

B. anthracis

ΔANR

(μg/mL)

MIC on

E. coli

TolC-

(μg/mL)

F2518-0474  0.07 0.07 0.26

F2518-0504  0.14 1.10 2.30

F2518-0085  0.26 1.10 1.10

F2518-0481 0.28 0.28 0.28

F2518-0445  0.49 0.25 0.49

F2518-0447 0.29 1.10 1.10

F2518-0477 0.07 0.07 0.14

F2518-0039  0.14 0.07 0.28

F2518-0183  0.12 0.12 0.12

Ciprofloxacin  0.25 0.3 0.3

Linezolid 1.00 0.8 4.0



29

2.3.4. Resistant Mutant Colonies Selection

Application of 109 cfu of B. anthracis ΔANR to plates containing LC2 or LC5 compound

with concentrations at 0.5 MIC-WT and 2 MIC-WT yielded a lawn of colonies, and with

concentration at 3 MIC-WT yield no colony after 18 h incubation. Repeated attempt to select

resistant colonies from ΔANR was unsuccessful. 

For wild type S. aureus Newman cells, 1 colony was found on the plate with 40 MIC-WT

(20 µg/mL) LC2 (Colony-LC2-1), 1 colony with 25 MIC-WT (12.5 µg/mL) LC2 (Colony-LC2-

2), and 13 colonies with 20 MIC-WT (10 µg/mL) (Colony-LC2-3 to Colony-LC2-15).

For LC5 compound, 2 colonies (Colony-LC5-1) and (Colony-LC5-2) were obtained on

plate with 10 MIC-WT (3 µg/mL) and 1 colony (Colony-LC5-3) with 5 MIC-WT (1.5 µg/mL)

(TABLE III). 
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TABLE III: NUMBER OF RESISTANT COLONIES SELECTED AS A FUNCTION OF
COMPOUNDS CONCENTRATION. 40 MIC-WT MEANS 40 TIME THE MIC OF THE
WILD TYPE S. AUREUS NEWMAN. THE MIC OF LC2 ON S. AUREUS NEWMAN WT
RANGED FROM 0.20-0.80 (N = 5) ΜG/ML FOR LC2 AND 0.31 (N = 6) FOR LC5. ALL
RESISTANT COLONIES WERE SELECTED ON AGAR PLATE.

Compound Concentration Colonies

S. aureus

Newman WT

LC2 40 MIC-WT (20 μg/mL) 1

25 MIC-WT (12.5 μg/mL) 1

20 MIC-WT (10 μg/mL 13

 LC5 10 MIC-WT (3 μg/mL 2

5 MIC-WT (1.5 μg/mL 1

TetR-PK

knockout

 LC2 10 MIC-WT (5 μg/mL) 2

5 MIC-WT (2.5 μg/mL) 1

LC5 2 MIC-WT (1 μg/mL) 1

1 MIC-WT (0.5 μg/mL) 3
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2.3.5. Whole Genome Sequencing of Resistant Cells

Whole genome sequencing result of the resistant Colony-LC2-1 showed a DNA mutation

of a to g at position 2,501,537 of the S. aureus Newman (NC_009641.1) genome. This

nucleotide belong to a protein-coding gene (position 2,501,066 to 2,501,689), which translates to

a 207- residue hypothetical protein in the tetracycline transcription repressor (TetR) protein

family, with a locus tag NWMN_2277 or a protein ID: WP_000656771.1 (GenBank accession

number BAB43467). The nucleotide mutation a472g was translated to a T158A mutation in the

protein (we will refer to this protein as TetR-PK). The PCR amplification in the TetR-PK region

for Colony-LC2-2 and for Colony-LC2-3 of the TetR-PK gene yielded a g347t nucleotide

mutation (R116L mutation in the protein) (Figure 2.3). 

Interestingly, the whole genome sequencing result of the resistant Colony-LC5-1 showed

a single nucleotide substitution (a to t) at position 2,501,247, of the same gene (TetR-PK). The

a182t mutation in that gene translated to E61V mutation in the protein. The PCR amplification

for TetR-PK in colony-LC5-2 yielded a g361a nucleotide mutation (E121K) (TABLE IV).
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TetR-PK-WT  MKEDRRIRKTKSSIKQAFTKLLQEKDLEKITIRDITTRADINRGTFYLHYEDKYMLLADM 60

E61V        MKEDRRIRKTKSSIKQAFTKLLQEKDLEKITIRDITTRADINRGTFYLHYEDKYMLLADM 60

R116L       MKEDRRIRKTKSSIKQAFTKLLQEKDLEKITIRDITTRADINRGTFYLHYEDKYMLLADM 60

E121K       MKEDRRIRKTKSSIKQAFTKLLQEKDLEKITIRDITTRADINRGTFYLHYEDKYMLLADM 60

T158A       MKEDRRIRKTKSSIKQAFTKLLQEKDLEKITIRDITTRADINRGTFYLHYEDKYMLLADM 60

            ************************************************************

TetRWt      EDEYISELTTYTQFDLLRGSSIEDIANTFVNNILKNIFQHIHDNLEFYHTILQLERTSQL 120

E61V        VDEYISELTTYTQFDLLRGSSIEDIANTFVNNILKNIFQHIHDNLEFYHTILQLERTSQL 120

R116L       EDEYISELTTYTQFDLLRGSSIEDIANTFVNNILKNIFQHIHDNLEFYHTILQLELTSQL 120

E121K       EDEYISELTTYTQFDLLRGSSIEDIANTFVNNILKNIFQHIHDNLEFYHTILQLERTSQL 120

T158A       EDEYISELTTYTQFDLLRGSSIEDIANTFVNNILKNIFQHIHDNLEFYHTILQLERTSQL 120

             ****************************************************** ****

TetR-PK-WT  ELKINEHIKNNMQRYISINHSIGGVPEMYFYSYVSGATISIIKYWVMDKQPISVDELAKH 180

E61V        ELKINEHIKNNMQRYISINHSIGGVPEMYFYSYVSGATISIIKYWVMDKQPISVDELAKH 180

R116L       ELKINEHIKNNMQRYISINHSIGGVPEMYFYSYVSGATISIIKYWVMDKQPISVDELAKH 180

E121K       KLKINEHIKNNMQRYISINHSIGGVPEMYFYSYVSGATISIIKYWVMDKQPISVDELAKH 180

T158A       ELKINEHIKNNMQRYISINHSIGGVPEMYFYSYVSGAAISIIKYWVMDKQPISVDELAKH 180

            :************************************:**********************

TetR-PK-WT  VHNIIFNGPLRIMAENRLHKSNLDSLT 207

E61V        VHNIIFNGPLRIMAENRLHKSNLDSLT 207

R116L       VHNIIFNGPLRIMAENRLHKSNLDSLT 207

E121K       VHNIIFNGPLRIMAENRLHKSNLDSLT 207

T158A       VHNIIFNGPLRIMAENRLHKSNLDSLT 207

            ***************************
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Figure 2.3: Multiple sequence alignment of wild type TetR-PK using CLUSTAL Omega. The

TetR-PK of each resistant strain was amplified by PCR, Sanger sequenced, and each revealed a

point mutation in the same gene. Highlighted area denote a position where a residue substitution

was observed. TetR-PK-WT is describing the S. aureus Newman containing the wild type gene

of TetR-WT. E61V, R116L, E121K and T158A are in reference to TetR-PK with the respective

mutations in the gene. 
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TABLE IV: MIC OF COMPOUNDS AND ANTIBIOTICS ON VARIOUS S. AUREUS
NEWMAN STRAINS. LC2 AND LC5 ARE THE COMPOUNDS TESTED IN THIS STUDY.
WILD TYPE IS REFERRING TO THE S. AUREUS NEWMAN STRAIN. ΔTETR-PK
DESCRIBES THE S. AUREUS NEWMAN WITH RESISTANT MUTATIONS IN THE TETR-
PK GENE. TETR-PK KNOCKOUT IS THE S. AUREUS NEWMAN WITH A TRANSPOSON
INSERTED IN THE TETR-PK GENE AND “Δ INTERGENIC REGION” IS THE S. AUREUS
NEWMAN STRAIN WITH THE TRANSPOSON IN THE TETR-PK GENE AND A
NUCLEOTIDE INSERTION IN THE DNA FRAGMENT BETWEEN THE TWO GENES
TETR-PK AND YHGE. 

MIC (μg/mL)

                      Compounds

Strains        

LC2 LC5 Ampg Chlog Ciprog Ermg Tclg Tetrag

Wild Type - Literature 0.78a 0.29a 0.5 - 2.0b 0.12 - 0.5b

Wild Type - This Work 0.2-0.8

(n=5)

0.31

(n=6)

0.13

(n=2)

4.00

(n=3)

0.25

(n=2)

0.25

(n=2)

0.03

(n=2)

0.03 (n=6)

ΔTetR-PK E61Vc 25 (n=6) 1.25f

(n=4)

0.50f

(n=2)

8.00f

(n=3)

0.50f

(n=2)

0.25f

(n=2)

0.03f 

(n=2)

0.03-0.13

(n=6)R116Ld 37.5 (n=4)

 E121Kc 25 (n=4)

T158Ad 100 (n=2)

TetR-PK knockout

0.20 (n=3)

0.31

(n=2)

8.00

(n=2)

8.00

(n=3)

64.00 

(n=2)

64.00

(n=2)

0.03

(n=2)

0.03-0.13

(n=6)

D Intergenic Region 50.00

(n=3)

1.25 

(n=2)

8.00

(n=2)

8.00

(n=3)

64.00

(n=2)

64.00

(n=2)

0.03

(n=2)

0.03-0.13

(n=6)

aKim, A., Wolf, N.M., Zhu, T., Johnson, E.M., Deng, J., Cook, L.J., Fung, W.-M. L. (2015)
Bioorganic and Medicinal Chemistry 23, 1492.

bThe range was due to values obtained from different strains of S. aureus

cMutation generated with LC5 compound

dMutation generated with LC2
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eThe n values for the average and standard deviation values presented were 2 - 6.

fThe MIC for all four ΔTetR-PK mutants were the same.

gAntibiotic abbreviations used are Amp = Ampicillin, Chlo = Chloramphenicol, Cipro =
Ciprofloxation, Erm = Erythromycin, Tcl = Triclosan and Tetra = Tetracycline see text for the
different S. aureus Newman strains.
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2.3.6. MIC Determination on Knockout and Knockout Resistant Strains

The knockout cell growth on agar plates yielded yellow and white colonies. The white

colonies were contaminants and the yellow colonies had the transposon insertion (Figure 2.4). The

MIC of the LC2 on the knockout colonies was 0.20 μg/mL and that for LC5 was 0.31 μg/mL.

These values were similar to those obtained for wild-type (Figure 2.5; TABLE IV) suggesting that

the knockout of TetR family protein had no effect on the MIC values, or there was little effect of

LC2 and LC5 on S. aureus knockout cells. The MIC of ciprofloxacin on the knock out colonies

was increased to 64 μg/mL, and ampicillin rose to 8 μg/mL. Since the knockout colonies

contained erythromycin resistant gene in the transposon region, the MIC for erythromycin was

increased to 64 μg/mL.

The whole genome sequence of the knockout resistant colony showed a single adenine

“a” insertion at position 2,500,968, or 98 nucleotides upstream of the TetR-PK gene. The

intergenic region is located at positions 2,500,806-2,500,967 (162 base pairs) between

NWMN_2276 a hypothetical protein (YhgE) and NWMN_2277 (TetR-PK) genes. The gene

product of YhgE, a counterclockwise gene, is an unknown protein (Figure 2.6). A mutation in the

intergenic region between TetR-PK and YhgE may impact both genes. However, at this time, the

function of this region is not clear.
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Figure 2.4: Visual image of white and yellow colonies derived from TetR-PK knockout. A):

White colonies were separated from the yellow colonies by both re-streaking and confirming by

PCR amplification of the transposon-inserted fragment by using transposon specific primer along

with TetR-PK primer. B): Some colonies were only made of contaminants.

BA
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Figure 2.5: MIC display of LC2 and LC5 on the different strains of S. aureus Newman generated.

The values shown in the table are that of the compounds concentration in μg/mL dispensed in the

96 well plate. T158A, E61V, E121K and R116L are mutations generated in the TetR-PK gene.

“TetR-PK knockout” denote a S. aureus Newman with 3 kilo bases inserted in the wild type TetR-

PK gene. “Δ Intergenic Region” describes a new resistant strain with a base pair inserted in the

intergenic region between the divergent adjacent (YhgE) gene and TetR-PK which is the

precedent strain described. 

Δ 

Δ
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Figure 2.6: Display of gene orientation in the altered region following exposure of sensitive stains

to higher than MIC concentration of compounds. The TetR family transcriptional regulator gene

displayed a single point mutation in all the strains that was resistant to the compounds. The TetR-

PK knockout strains were sensitive to the compounds while the resistant knockout strains have

and adenine nucleotide insertion in the intergenic region of the adjacent and divergent genes

(YhgE/TetR-PK).
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The MIC for resistant mutant colonies of the knockout S. aureus cells was found to be 50 μg/mL

for LC2 and 1.25 μg/mL for LC5 (Figure 2.5; TABLE IV). The MIC for ciprofloxacin was

increased to 64 μg/mL (256-fold over the wild-type), for ampicillin was 8 μg/mL (60-fold

increase), for tetracycline was 0.25 μg/mL (8-fold increase), for chloramphenicol was 8.0 μg/mL

(2-fold increase) and for triclosan was 0.03 μg/mL (no change) (TABLE IV).

2.3.7. Summary of Results

In summary, the native S. aureus Newman was found to be sensitive to LC2 and LC5 with

a MIC of 0.20-0.80 μg/mL (n=5) for LC2 and that of 0.31 μg/mL for LC5 (n=6). The knockout

strains became slightly more sensitive to LC2 and the MIC did not change for LC5. Resistant

colonies generated from the knockout strains had a MIC increase to 50 μg/mL for LC2 and 1.25

μg/mL for LC5 (TABLE V). 

2.3.8. Structural Prediction of TetR-PK and YhgE

The knockout resistant colonies showed a single nucleotide insertion in the divergent

intergenic region between TetR-PK and YhgE. Since neither of their function is clear, we used

structural prediction to get some insights into the structural and functional insight. The unknown

protein (YhgE) was predicted to be an all helical bundle possibly spanning the cellular membrane.

The probability of prediction that are almost certain have a value of one. The probability of the

location of the different residues as all close to one in this case. Roughly one half of the residues

in the protein reside outside of the membrane while the other half is in between the two layers of

the membrane with only a few residues in the inner membrane (Figure 2.7 A, B, C). The single

chain representation of TetR-PK is also shown to be an all helical protein (Figure 2.7 D). YhgE
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was labeled as a membrane phage infusion protein (PIP) of unknown function which is in line

with the prediction.
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TABLE V: SUMMARY OF RESULTS. A): MIC OF LC2, LC5, AMP, CIPRO AND ERM ON
WILD TYPE AND TETR-PK KNOCKOUT S. AUREUS. THE MIC DID NOT INCREASE IN
THE TETR-PK KNOCKOUT WHICH WAS NOT EXPECTED. WORKING HYPOTHESIS:
WHEN THE TETR-PK GENE IS KNOCKOUT, ANOTHER REGULATOR BECOMES
ACTIVE. B): SECOND ROUND OF SELECTING RESISTANT COLONIES IN THE
KNOCKOUT CELLS. C): WHOLE GENOME SEQUENCING FOR MUTATION(S).
GENOMIC ANALYSIS: “A” INSERTION AT GENOMIC LOCATION 2,500,968.

MIC (μg/mL)

Strains /Compounds LC2     LC5 Amp Cipro Erm

S. aureus wild type 0.20-0.80 (n=5) 0.31 (n=6) 0.13 (n=2 ) 0.25 (n= 2) 0.25 (n= 2)

TetR-PK knockout 0.20 (n=3 ) 1.25 (n= 2) 8.00 (n=2 ) 64.00 (n= 2) 64.00 (n=2 )

Strains Compounds Compounds concentration Colonies

Resistant

S. aureus with

TetR-PK

Knocked out

        LC2 10 MIC-WT (5 μg/mL) 2

5 MIC-WT (2.5 μg/mL) 1

         LC5 2 MIC-WT (1 μg/mL) 1

1 MIC-WT (0.5 μg/mL) 3

MIC (μg/mL)

Strains /Compounds LC2     LC5 Ampa Ciprob Ermc

Resistant Knockout 50.00 (n=3) 1.25 (n=2) 8.00 (n=20 64.00 (n=2) 64.00 (n=2)

aAmp:   Ampicillin

bCipro: Ciprofloxacin

cErm:   Erythromycin

A

B

C
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Figure 2.7: Predicted membrane topology of YhgE and structural prediction of unknown

proteins. A): Trans-membrane prediction of the probability of YhgE being a membrane protein.

B): Step by step display of extracellular residues, residues between the membranes and residues

inside the membrane. C): Structural prediction using I-TASSER from

https://zhanglab.ccmb.med.umich.edu/I-TASSER. YhgE shows an all alpha helical bundle with

high similarity to membrane protein. D): The structural prediction of TetR-PK using QUARK

and I-TASSER.
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2.4. Discussion 

As shown in the previous publication by members of the Fung group (Kim et al., 2015),

the MIC values of LC2 and LC5 and known antibiotics (ciprofloxacin and linezolid) on S.

aureus Newman, B. anthracis ΔANR and E. coli TolC- show that these compounds (LC2 and

LC5) exhibit comparable or even better MIC than the known antibiotics. The MIC for LC2 was

as low as 0.51 μg/mL and for LC5, 0.31 μg/mL on the same strains. In this study, with the

generation of S. aureus cells resistant to LC2 and LC5, we found four mutations rendering S.

aureus resistant to both LC2 and LC5 compounds. All mutations were shown to be on the same

gene, expressed as a hypothetical protein, TetR-PK. Some of the mutations in the resistant

colonies were identified by PCR method. These colonies might have other mutations in their

genome, however, the results show that all the resistant colonies have a mutation in the TetR-

PK gene. The MIC values for LC2 were much higher in cells with mutations generated from

both LC2 and LC5 (25 -100 μg/mL). A four-fold increase in MIC values was seen for LC5 in

cells with mutations in the TetR-PK gene (all 1.25 μg/mL). It was interesting to find lower MIC

values for the TetR-PK knockout for LC2. The cells became sensitive again to LC2 (MIC of

0.20 μg/mL) and to LC5 (MIC of 0.31 μg/mL), values very similar to those in the wild-type. The

MIC values were increased to 50 μg/mL when the intergenic region was mutated. We propose

the following working hypothesis. The LC2 and LC5 do not inhibit TetR-PK directly, but

inhibited a gene (Gene X) product (Protein X) regulated by TetR-PK. When either TetR-PK or

the intergenic region are mutated, Protein X concentration is increased and requires more LC2

or LC5 to inhibit Protein X. However, when TetR-PK was knockout, another regulation system
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kicks in to regulate Protein X and thus returning the MIC values to those of the wild-type. This

working hypothesis needs to be proven in the future.

It is also interesting to find that the MIC values for ciprofloxacin for colonies with 

TetR-PK knockout and with intergenic region mutant increased to 64 μg/mL. Ciprofloxacin is a

DNA gyrase inhibitor. The increase in MIC values for erythromycin in TetR-PK knockout and

intergenic region mutant were expected since we introduced erythromycin resistant gene in the

transposon used to knockout TetR-PK.

The TetR-PK protein was identical to a 207-residues protein reported earlier as TetR21,

and it binds to the promoter of Tet38 to repress its expression (Truong-Bolduc et al., 2015).

Since the open reading frame of the gene is ORF SA2165, it is named TetR21. It is obvious that

we will also pursue Tet38 in the future.

2.5. Conclusion

At this stage of the project, we found that the gene region shown in Figure 2.6 (YhgE,

intergenic region and TetR-PK) was important for the action of compounds LC2 and LC5.

Further work is needed to identify the mode of action for this two compounds.
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Chapter Three 

A Library of FabI Mutants from Triclosan-Resistant Staphylococcus aureus Strain

3.1. Introduction

Infections related to antibiotic resistant pathogens are increasingly becoming a public

health matter (Priyadarshi et al., 2009; Freire-Moran et al., 2011). Triclosan is a common and

effective antimicrobial agent used to eradicate pathogens such as Staphylococcus aureus (S.

aureus) in general and particularly methicillin-resistant Staphylococcus aureus (MRSA). Since

triclosan is shown to target the enzyme enoyl acyl carrier protein reductase (FabI), some

mutations in the FabI gene, identified through clinical isolates or through laboratory directed

evolution, render the pathogens resistant to triclosan. About ten resistant mutants have been

observed in clinical isolates or evolved in the laboratory. They are (R40Q, K41N, A95V, I193S

and F204S (Xu et al., 2008), D101T, A198G and F204C (Ciusa et al., 2012) and Y147H, L208F

(Brenwald et al., 2003). All mutations but two (D101T and L208F) are found in the active site

and/or at the dimer interface of FabI, as defined in a publication (Schiebel et al., 2012). FabI is

homodimer. The impact of mutations outside of these regions is largely unexplored.

Identification of the resistant mutations in SaFabI is imperative in the effort to better understand

resistant strains. We used an error prone polymerase chain reaction (epPCR) method to

randomly generate numerous FabI mutants to establish a mutant library. The cellular thermal

shift assay and the minimum inhibitory concentration (MIC) screening were used to identify the

mutations in the FabI protein that rendered triclosan resistance. We found that mutations

included single/multiple insertion, deletion, and substitutions. A total of 134 colonies was

generated consisting of FabI mutants and 42 of these colonies consisted of single amino-acid
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mutation in FabI. Of these single substitution FabI mutants, 19 did not bind Triclosan/NADP+.

One of the colony consisting of FabI mutation of A33V exhibited an MIC value against

Triclosan/NADP+ 30-fold higher than that of the wild type FabI. 

In addition to understanding the mechanism(s) leading to Triclosan resistance, this

triclosan-resistant library generated in this project will serve as a checklist for clinicians to

identify resistant strains in deciding a course of action. My work in this project focuses on using

error prone PCR to generate mutants, and on determining the MIC of a resistant-mutant which

will be described in detail below. The assays for triclosan binding to these mutants were done by

a collaborating group member (Robel Demissie). The discovery of these mutations highlights

the value of obtaining insights into the types of mutation that render S. aureus resistant to

triclosan and other inhibitors binding to the FabI active site region. 

3.2. Materials and Methods

3.2.1. Error Prone PCR

3.2.1.1. Primer Design

Two pairs of primers were designed with comparable length and melting temperature

(Tm). One pair was used for obtaining mutated SaFabI gene in the epPCR reaction, and the

other pair was used for the vector linearization. Primers were designed for In-Fusion ligation

(Clontech; Mountain View, California). In order to randomly introduce mutation in the SaFabI

gene but keep the integrity of the remaining DNA sequence in the vector, epPCR was used on

the gene, and high-fidelity PCR on the vector pET-15b. The two pairs of primers were designed

to have overlapping 5' ends for the subsequent ligation of the insert (SaFabI gene) into the
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expression vector (pET-15b; Novagen; Madison, Wisconsin). Primers were ordered from

Integrated DNA Technologies (IDT; Coralville, Iowa). 

3.2.1.2. Mutated SaFabI Genes by Error Prone PCR

For the error prone PCR to mutate the SaFabI gene, the PCR reaction was carried out

using a commercially available kit (GeneMorph II, Agilent Technology, Santa Clara,

California), with a few modification. The forward primer was 5'- CGG CAG CCA TAT GCT

CGA GAT GTT AAA TCT TGA -3' and the reverse primer 5'- GTT AGC AGC CGG ATC

CTT ATT TAA TTG CGT GG -3'. The template (SaFabI gene; 100 ng or 1 μL), the forward

primer and the reverse primer (125 ng or 0.5 μL each), dNTP (1 µL of 40 µM) and Mut II

Polymerase (1µL; Agilent Technology) in Mut II reaction buffer were mixed with H2O (46 μL)

to give a reaction volume of 50 µL. With this mixture, error prone PCR was carried out with a

thermal cycler (Eppendorf AG 22331, Hamburg, Germany) with an initial denaturation at 95 °C

for 2 m, then x cycles (x to be determined below) of 95 °C for 30 s, 50 °C for 30 s, and 72 °C

for 1 m followed by a final extension at 72 °C for 10 m. 

To estimate the amount of error prone PCR product generated, gel electrophoresis was

performed with 0.6 µL of the PCR product and increasing amounts of known concentration of

SaFabI-WT DNA. The PCR amount (yield) was used to determine the number of doubling and

the expected mutation rate. It was found that 25 cycles were sufficient to provide the mutants

needed. This PCR product is called “mega-primer” per company specification. Thus our mega-

primer was the mutated SaFabI gene, to be used as a primer for insertion into the vector (pET-

15b). 
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3.2.1.3. Vector Linearization

High-fidelity amplification of the expression vector pET-15b was carried out using a

forward primer 5'-CCA CGC AAT TAA ATA AGG ATC CGG CTG CTA AC -3' and a reverse

primer 5'- TCA AGA TTT AAC ATC TCG AGC ATA TGG CTG CCG -3'. pET-15b (50 ng)

was combined with 26 µL of pfuUltra hot start PCR master mix (Agilent Technologies), the

forward primer (0.5 µL at 100 mM to give a final concentration of 1 mM); the reverse primer

(0.5 µL at 100 mM), and H2O to make a 50 µL reaction volume. pET-15b containing SaFabI-

WT gene was used as the starting template for the vector amplification. The primers were

designed to NOT include the WT gene in the amplification and thus resulting a linear vector.

The mixture was subjected to an initial denaturation at 95 °C for 5 m, followed by 40 cycles of

95 °C for 30 s, 59 °C for 30 s, and 72 °C for 6.5 m, ending with a final elongation at 72 °C for

15 m.

3.2.2. Mutated Expression Vector

The PCR product of the mutated SaFabI gene generated with the epPCR method was

used as the mega primer to amplify the linearized empty vector. Briefly, 3 µL of mega primer,

30 ng of linearized pET-15b along with 25 µL 2x ez-clone enzyme mix and 3 µL of ez-clone

solution were assembled into a 50 µL reaction mixture. The mixture was subjected to 95°C for 2

m followed by 40 cycles of 95 °C for 50 s, 70 °C for 50 s and 68 °C for 15 m, ending with a

final extension at 72 °C for 15 m. Product yield was minimal (~1 µg). Optimization might

improve the yield. At the end of the reaction, 1 µL DPNI was added to the entire sample and

incubated at 37 °C for 2 h to digest the methylated parent template plasmid. The expression

vector consisted of ampicillin resistant gene, a lac repressor for isopropyl β-D-1-
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thiogalatopyranoside (IPTG) binding and a hexa-histidine on the N-terminal end for affinity

purification.

3.2.3. Expression Vector Transformation and E. coli Colonies Generation

DH5α Z-Competent E. coli cells (Zymo; Irvine, California) was used for transformation.

Briefly, DPNI treated expression vector of mutated SaFabI (5 µL) was added to DH5α Z-

competent cells (50 µL) (Zymo) and the mixture was incubated on ice for 5 m before being

plated on agar plates containing ampicillin (100 µg/mL).

3.2.4. DNA Extraction, Sequencing and Analysis

DNA was extracted using PureYield plasmid miniprep kit (Promega; Madison,

Wisconsin) with a slight modification. Overnight cell culture (4 mL) was pelleted by

centrifugation. The pellet was washed with H2O to remove residual culture medium and

re-suspended in H2O for DNA extraction, according to company protocol. The DNA was then

eluted with H2O rather than the buffer provided by the company. With this modification, the

DNA sample was more suitable for DNA sequencing. The DNA sample with a concentration

100 ng/µL was sent to the Research Resources Center (RRC) at the University of Illinois at

Chicago (UIC) for Sanger sequencing. Sequencing results were obtained as a zip file containing

the sequencing chromatogram and the nucleotide bases associated with the chromatogram.

Finch TV (a free software program) was used to open, extract and align the sequenced raw data

to the expected sequence and identify similarities and differences in the sequences. The

sequence of a mutant FabI was aligned with that of the wild type. The sequences that displayed

single nucleotide polymorphism was checked against the sequencing chromatogram to confirm

the validity of the mutations.
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3.2.5. Mutated Residue Characterization

Using the hydrophobicity scale developed by Zhu and coworkers (Zhu et al., 2016), the

polarity of each of the mutated residues was examined and compared to the hydrophobicity of

the original residues.

3.2.6. Construction of a Shuttle Vector pHT370 Containing SaFabI-A33V

To introduce a SaFabI mutant gene into S. aureus cells rather than E. coli cells, a

plasmid different from that used in E. coli cells was prepared. E. coli-Bacillus thuringiensis

shuttle vector pHT370 containing SaFabI WT gene and it promoter in E. coli (a kind gift from

Dr. M. Johnson lab, UIC) was used to insert the A33V mutation into the SaFabI gene to be

introduced into S. aureus RN4220 cells. The vector contained erythromycin and ampicillin

resistant genes as well as SaFabI-WT gene and its promoter. This vector was used as a template

to generate SaFabI-A33V gene. Primers containing the A33V mutation were used. Template (50

ng) was mixed with forward primer (100 ng), reverse primer (100 ng), pfuUltra hotstart PCR

master mix (26 µL) (Agilent Technology) and H2O to prepare a 50 µL reaction mixture. The

mixture was incubated at 95 °C for 3 m, followed by 30 cycles of 95 °C for 30 s, 50 oC for 30 s,

and 72 °C for 15 m concluding with a final elongation at 72 °C for 15 m and a cool down to 4

°C.
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The schematic diagram of the procedures is shown below.

Scheme 1: Schematics of mutant generation into pHT370 plasmid, transformation into E. coli

cells and electroporation into S. aureus RN4220 cells. This virtual screening protocol was used to

acquire pHT370-SaFabI-A33V into S. aureus RN4220 cells. 
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 3.2.7. S. aureus RN4220 Cells with SaFabI-A33V Gene

RN4220 competent cells were generated following published methods (Mistry et al.,

2017) with minor adjustment. Briefly, RN4220 cells were grown in BHI (5 mL) in a 250-mL flask

to an OD600 of 2.7. The culture was diluted into pre-warmed fresh BHI medium (100 mL) to an

OD600 of 0.3 and incubated at 37 °C for 60 m to an OD600 of 0.6. The culture was chilled on ice for

10 m, washed 3 times with equal volume of chilled H2O and recovered by a centrifugation (15 m)

at 3000 g. The cells were then re-suspended in 10% glycerol (10 mL) followed by another

suspension in 10% glycerol (4 mL first then 1 mL), all in sterile H2O. The cells were then

suspended in sterile electroporation solution of 10% glycerol and 0.5 M sucrose in chilled sterile

H2O and centrifuged as before. The supernatant was discarded with portion of the cells to ensure

complete supernatant removal. The previous step was repeated with 1 mL of the same

electroporation solution, re-suspended and divided into 100 µL aliquots. The aliquots were

centrifuged at 3000 g for 2 m, and then re-suspended in 50 µL of electroporation solution. DNA

(5 µg or 10 µL) was then added to the S. aureus RN4220 competent cells for immediate

electroporation. The cells should be in solution with very low salt content for the electroporation

to be successful. 

The E. coli competent cells (Stellar competent cells from Clontech, for high efficiency

transformation) were thawed on ice. 5 µL of the PCR product of pHT370-SaFabI-A33V was

added to 50 µL of the competent cells, and incubated on ice for 5 m. The cells were then heat-

shocked at 42 °C for 45 s, and on ice for 2 m before shaking at 37 °C for one hour for recovery.

The resulting culture was plated on 100 µg/mL ampicillin plates, and single colonies were picked

and grown in liquid LB medium for DNA extraction. DNA extraction was carried out as
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previously described in section 3.2.4, sequenced, and used for the electroporation to introduce it to

S. aureus cells.

3.2.8. Electroporation of S. aureus Cells

Micropulser electroporator from Bio-rad in Dr. A. Mankin lab (UIC) was used to introduce

one pulse of 1.8 KV for 2.5 ms to a pre-chilled 0.2 cm cuvette containing the DNA sample mixed

with the cells. 900 µL of 0.5 M sucrose in BHI was immediately added to the electroporated cells,

mixed, transferred to a 15 mL Falcon tube and incubated at 37 °C for 1 h for recovery. The

recovered cells were spread on a petri-dish plate containing 2 µg/mL erythromycin. Colonies that

appeared before 14 h incubation were picked, and their identities were determined by testing their

resistance to erythromycin, and triclosan/NADP+.

3.2.9. Resistance Testing by MIC Determination 

In-vivo resistance testing was determined by the MIC experiments as described in

Chapter 2 section 2.2.3. MIC for erythromycin and triclosan on (1) the native S. aureus RN4220

with no vector, (2) RN4220 with SaFabI WT vector, and (3) RN4220 with SaFabI-A33V vector

were determined.

3.3. Results 

3.3.1. Error Prone PCR

The gel electrophoresis of the epPCR product showed a band of 800 bp, similar to that of

the wild type control (Figure 3.1). Calibration curve of DNA amount vs. DNA band intensity

appeared to be linear with the R2 of the fitted data to be 0.99 (Figure 3.1). From the gel, the PCR

band intensity corresponded to 53 ng. A total of 10 µg of PCR product of SaFabI mutants was

generated. According to the company guidelines for GeneMorph II (Agilent Technology) this
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product-yield corresponded to a medium mutation frequency. With this yield, we obtained zero to

six mutations per plasmid. 
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Figure 3.1: Calibration curve used to quantify the epPCR product.

The amount of a standard DNA sample was determined by its absorbance value at 260 nm (A260)

to give its concentration and the sample volume. The band intensity measured the brightness of

the band in arbitrary units (AU). The band intensity directly correlated with the amount of DNA

with a correlation coefficient of 0.99. PCR refer to the amount of PCR product loaded into the

well. The amount of PCR product was found to be 53 ng.



57

As indicated earlier, the PCR amplification of 25 cycles was found to be optimum for achieving a

mutation frequency of one to six mutation per individual gene. The amount of initial DNA

template was adjusted to 100 ng (SaFabI portion), to give a product yield of 10 μg.

3.3.2. SaFabI Mutant Gene Analysis

DNA sequence analysis of plasmids containing SaFabI mutant samples indicated that there

were 22 A to C, 91 A to T and 125 A to G changes to give a total of 238 adenine substitutions

(TABLE VI). Similarly, there were 122 G, 187 T and 67 oC substitutions to give a total of 614

substitution (TABLE VI). A total of 219 colonies were analyzed. Forty two colonies consisted of

single amino-acid mutation in SaFabI protein (Figure 3.2), 38 colonies with double residues

mutations and 27 colonies with three mutations. In addition, fourteen, eight, and five colonies

with four, five and six mutations in the SaFabI protein. The mutations covered 191 residue

positions in FabI throughout the length of this 256-amino-acid-residue protein. Eighty four

colonies consisted of silent mutations as well as frame shifts insertions and deletion and were

discarded. 
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TABLE VI: SUMMARY OF BASE PAIR CHANGE DURING ERROR PRONE PCR (EPPCR).
EACH OF THE FOUR BASES IN THE TEMPLATE GENE WAS ALTERED TO THE OTHER
THREE IN THE RESULTING VARIANT GENE UPON COMPLETION OF THE EPPCR. WT
DESCRIBE THE NUCLEOTIDE ORIGINALLY FOUND IN THE WILD TYPE GENE. Δ
REFER TO THE NUCLEOTIDE SUBSTITUTED TO, IN THE MUTANT STRAIN. THE
TOTAL IS EITHER OF BASE CHANGED OR THE TOTAL OF NEW ALTERED BASES. RED
INDICATES THE INDIVIDUAL BASE SUBSTITUTION AND BLACK IS THE TOTAL
CHANGES THAT OCCURRED.

WT Δ C T G A Total

A 22 91 125 ----- 138

G 9 24 ----- 89 122

T 106 ----- 11 70 187

C ----- 36 9 22 67

Total 137 151 145 181 614
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Figure 3.2: Sample representation of single mutations generated on pET-15b during the error prone

PCR and mega primers ligation. Each of the point mutation was generated on a separate plasmid

containing the SaFabI gene. “SaFabI-WT” refers to the wild type sequence of the SaFabI gene, and

red residues denote each of the position where a single mutation was observed in a plasmid

construct. The numbers indicate the nucleotide position in the wild type gene. 
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3.3.3. Mutants SaFabI Expression Vector

A total of 326 amino-acid-residue mutations were found in one hundred and thirty four

(134) pET-15b plasmids (SaFabI proteins) (TABLE VII). This included 1, 2, 3, 4, 5, or 6 mutations

in the FabI protein. Forty two (42) were plasmids containing single mutation in the FabI, thirty

eight (38) had two mutations, twenty seven (27) had three, fourteen (14) had four mutations, eight

(8) had five mutations and five (5) had six mutations. Only the 42 mutants with a single mutation

in FabI were considered for triclosan binding study. These mutations were M1L, E5K, A25T,

A33V, L35F, E42D, R45P, K46N, E49D, N56H, N56K, P58Q, A60V, D66V, E71D, F77L, F77S,

Q79R, V84L, I87L, N98Y, M99I, L102S, T109I, E112D, G113V, Y123H, G140C, K164R,

S166N, V171A, N182T, R184H, K199R, G200D, E212G, N220I, G227C, A230T, V241I, F252I

and H253P.
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TABLE VII: OVERVIEW OF THE AMINO-ACID SUBSTITUTED DURING THE ERROR
PRONE PCR (EPPCR) REACTION. “WILD TYPE RESIDUES” REFERS TO AMINO-ACIDS
FOUND IN THE WILD TYPE TEMPLATE STRAIN. “SUBSTITUTED RESIDUES” ARE THE
RESIDUES FOUND IN THE SAFABI AFTER EPPCR. SINGLE RESIDUE MUTATIONS ARE
LABEL IN GREEN. YELLOW IS THE RESIDUE WITH THE HIGHEST NUMBER OF
MUTATIONS. TOTAL REFER EITHER TO THE NUMBER OF TIMES A RESIDUE WAS
MUTATED OR THE NUMBER OF TIMES, IT HAS BEEN MUTATED TO, FROM THE WILD
TYPE RESIDUES.
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3.3.4. Mutation Characterization

Out of the 326 mutations, we found a mixture of inter-conversion between polar and

non-polar substitution, polar to other polar mutations or non-polar to other non-polar alterations

were observed. 36 mutations were in the active site, as defined in a publication (Schiebel et al.,

2012); from which 12 involved polar to non-polar or non-polar to polar change and the other 24

mutations maintained the polarity of the residues. In addition, 72 mutations involved interface

residues (Schiebel et al., 2012), from which 24 residues changed polarity while the other 48

maintained their polarity. The remaining mutations (152) were with the residues not in the active

site or interface. Within this class of 152 mutations, 103 maintained polarity and the other 49

changed polarities. Throughout the gene, 5 of the mutations changes from charged residues to

non-charge residues and vice versa.

3.3.5. MIC for SaFabI-A33V 

The MIC values of triclosan/NADP+ toward S. aureus RN4220 cells with the plasmid

pHT370 containing FabI-A33V gene were greater than 100 µg/mL, whereas those for the controls

were 0.4 µg/mL on native RN4220 and 3.1 µg/mL on RN4220 containing pHT370-SaFabI-WT

(Figure 3.3).

The MIC of erythromycin was found to be 0.39 µg/mL in the native RN4220, and 64

µg/mL in both strains containing pHT370-SaFabI-WT and pHT370-SaFabI-A33V plasmids

(Figure 3.3).
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Figure 3.3: Minimum Inhibitory Concentration (MIC) of erythromycin, and triclosan on native S.

aureus RN4220, RN4220 containing pHT370-SaFabI wild type (WT), and RN4220 containing

pHT370-SaFabI-A33V. PHT370 contain erm resistant genes. The native RN4220 was used to

verify the presence of the plasmid, and the wild type was used as a control to access the effect of

the mutations on the bacterial resistance.
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3.4. Discussion

Triclosan exhibits antibacterial activity against Staphylococcus aureus (McBride et al.,

1984; Chen et al., 2009), and is a major class of antibacterial and antifungal agent used in many

commercial products (Heath et al., 1999). However, triclosan resistant strains have since appeared.

Particular mutations in the enoyl-acyl carrier protein (ACP) reductase (ENR/FabI) confer high

resistance to triclosan (Skovgaard et al., 2013). It is crucial to identify potential resistant mutations,

their mechanism of resistance and to develop method of inhibition before they are observed

clinically. The error prone PCR (epPCR) enabled the substitution of nucleotides in a gene to give a

small library of single, double, triple and multiple mutations in the SaFabI protein. The single

mutations in SaFabI that were conferring resistance to triclosan included two mutations that

involves active site residues, nine mutations involves interface residues and nine mutations that do

not involve either active site residue or interface residues, but prevent triclosan binding. Polar

residues are key players in electrostatic interaction, and therefore, their mutation may influence the

enzyme conformation. The mutation analysis showed that 67% of the mutations maintained their

polarity while 33% changed the polarity indicating that most of the mutations did not affect the

electrostatic interaction in FabI directly. 

The MIC of erythromycin in the native RN4220 being eight-fold lower than that on both S.

aureus RN4220 SaFabI-WT and S. aureus RN4220 SaFabI-A33V was a proof that the latter two

strains contained the plasmid carrying the erythromycin resistant gene. The MIC value of triclosan

on SaFabI-WT in RN4220 strain (3.1 µg/mL) was 8-fold higher than that in native RN4220 (0.4

µg/mL) reported previously (Mistry et al., 2017). This result provided a good control for
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interpreting the mutant results. The further increase of MIC of triclosan on A33V to greater than

100 µg/mL was indicative of extra resistance due to the point mutation in the FabI gene. 

3.5. Conclusion

Directed evolution allows mutations in the SaFabI gene that resist triclosan binding to

become a serious threat to public health. Today, there is a pressing need to predict, identify and

prevent or alleviate the evolution of resistance to triclosan, which remain a widely used

antibacterial agent. Accelerated gene evolution is a useful tool in resistant mutations identification

before they emerge as a clinical isolates. EpPCR allowed us to generate a small library of mutants

that did not bind triclosan. In this project, nineteen different mutants were identified that did not

bind triclosan. This list of mutations will serve as a checklist for clinicians to identify resistant

strains in deciding a course of action. 

3.6. Future Direction

The next logical step will be to identify the mechanism of resistance by simulating the

structures of the mutants in the presence of the substrate and co-factors. Simulation is currently

under way in Fung lab to access the mode of resistance for the various mutant and eventually

propose a mechanism of resistance development.
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Chapter Four

Comparison of the Solution Properties of N5-Carboxyaminoimidazole Ribonucleotide Mutase

(PurE) from Bacillus anthracis, Francisella tularensis, and Yersinia Pestis

4.1. Introduction

Structure-based drug discovery requires not only the validation of the protein target as

essential for growth and or virulence, but also a detail understanding of the structural features of

the protein to allow for a potent inhibitor development. Purine nucleotides are indispensable in the

DNA molecule synthesis and therefore essential for the survival of the bacterial cells. Inhibiting

one of the enzymes in a key step in the de novo purine biosynthesis pathway will create a

significant shortage of the purine molecules necessary for bacterial growth. The de novo purine

biosynthesis pathway is required for complete virulence in several pathogens including Yersinia

pestis and Bacillus anthracis (Jenkin et al., 2011). With N5-carboxyaminoimidazole ribonucleotide

(N5-CAIR) mutase (PurE) in the de novo purine biosynthesis pathway knocked out, the murines

showed little virulence of B. anthracis (Samant et al., 2008). In addition, knocking out the PurE

gene attenuates the growth of Mycobacterium tuberculosis (Sassetti et al., 2003). Given the

difference in the substrate between N5-carboxyaminoimidazole ribonucleotide (N5-CAIR) mutase

from human (Pur6), which contains a PurE domain, and the bacterial PurE, PurE protein becomes

a viable target for selective antibiotic development (Brugarolas et al., 2011).  

All bacterial PurE enzymes studied so far exist as an octamer in solution and are found to

have the same substrate. However, the condition for obtaining octameric homogeneity with the

optimum enzymatic activity is not clear. The octameric enzyme has 8 active sites, with each site
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formed by three subunits each (Mathews et al., 1999), but is shown to have variable level of

occupancy, with four active sites occupied in E. coli PurE (Hoskins et al., 2007). It is therefore

important to characterize and identify the optimal conditions for inhibitor screening. 

For PurE from Gram positive B. anthracis, a “sub-stable” state was selected for high

throughput screening (Kim et al., 2015). For F. tularensis, causative agents of rabbit fever, and

Gram negative Y. pestis, causative agent for black plague, it is not clear whether similar conditions

can be used for inhibitor screening. Kinetics evaluation will help to obtain information on catalytic

efficiencies of PurE in these species, and the full biochemical and biophysical characterization may

reveal similar and/or distinct structural features that can be exploited in the development of both a

narrow and a broad spectrum antibiotic development.

4.2. Materials and Methods 

4.2.1. Plasmid Construction and Transformation

The PurE genes from cDNA of Bacillus anthracis Ames strain (ΔANR; locus tag

Ba_0288), Francisella tularensis SHU4 (locus tag FTT_0896) and Yersinia pestis (locus tag

YPO3076) were individually inserted in pDEST -15 expression vector (Invitrogen; Carlsbad,

California), containing an ampicillin resistant gene, an N-terminal glutathione S-transferase (GST)

tag, a 20 amino-acid linker followed by a thrombin cleavage site. Briefly, primers designed for In-

Fusion ligation (Clontech) were used to amplify the gene and another set of vector amplification

primers was used to linearize the pDEST-15 vector. The PCR product of the gene was treated with

DPNI (New England Biolabs; Beverly, Massachusetts) and column purified. The gene and the

linearized vector were mixed in a molar ratio of three to one in the presence of 2 μL of In-Fusion
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enzyme. The mixture was incubated at 50 oC for 30 m and proceeded with transformation with

DH5-α competent cells (Zymo). Cells were spread on ampicillin containing agar plates. The DNA

sequence of the construct in the cells was confirmed by the results of Sanger sequencing done by

the Research Resources Center (RRC) at UIC. The plasmids were then extracted and transformed

into BL21-CodonPlus (DE3)-RIL (Agilent Technologies; Cedar Creek, Texas) competent cells, for

optimal protein expression.

4.2.2. Cell Growth and Protein Expression

A starter culture was prepared by inoculating a single colony in LB medium containing 100

μg/mL ampicillin and incubated overnight at 37 oC with shaking at 240 rpm. A glycerol stock was

prepared, flash frozen in liquid nitrogen to give freeze-down samples and stored at -80 oC for the

downstream processing. For the protein expression, freeze-down (50 μL) was added to Luria-Broth

(LB) (50 mL) and incubated overnight (16 - 18 h) to an optical density at 600 nm (OD600) of about

1.7. The next day, the overnight culture was added to one litter of fresh LB and incubated to an

OD600 of 0.5. Isopropyl β-D-1-thiogalactopyranoside (IPTG; Gold Biotechnology; St Louis,

Missouri) was added to a final concentration of 0.5 mM to induce the protein expression. Cells

were harvest after an additional 3 h growth. The collected cells were weighted and stored at -80 oC

if not used immediately. 

4.2.3. Purification of Recombinant Proteins BaPurE, FtPurE and YpPurE

About 12 grams of cells was re-suspended in 50 mL of 5 mM phosphate buffer at pH 7.4

with 150 mM NaCl (PBS7.4) and 1% triton and stirred at 4 oC to homogeneity. Lysozyme (1

mg/mL) was added and stirred. The final mixture was sonicated in a Rosetta cell for 15 m with a
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sonicator (Vibra Cell; Danbury, Connecticut) with a power output set at 30. The cell lysate was

centrifuged at 30,000 g for 30 m. The supernatant was applied to a glutathione affinity column

(Sigma-Aldrich; St Louis, Missouri) and washed with PBS7.4. The fusion protein was eluted with

a freshly prepared buffer (2.5 mM GSH in 50 mM Tris buffer at pH 8). The GSH was subsequently

removed by serial dialysis, 2h of 2 L followed by 4 L PBS7.4 overnight. The fusion protein was

concentrated to 2 mg/mL. Thrombin (Tb), with a ratio of 1 unit per mg of protein, was added and

incubated at 37 oC for 1 h for BaPurE and YpPurE and 3 h for FtPurE. Phenylmethylsulfonyl

fluoride (PMSF) (Pierce; Dallas, Texas) was added (1 mL of 10 mM PMSF per 10 units of Tb).

The mixture was put on ice, before it was applied to the affinity column to remove the GST tag.

BaPurE, FtPurE, or YpPurE was eluted with PBS7.4, and concentrated to an absorbance at 280 nm

(A280) ~ 2 mg/mL. If the protein sample was not used immediately, it was frozen drop-wise (20 μL

each drop) in liquid nitrogen and stored at -80 oC. 

4.2.4. Buffers

The following buffers were used. 5 mM phosphate with 0, 25, or 150 mM NaCl at pH 7.4

were prepared and the conductivity measured, using a Yellow Spring model 31 conductivity meter

(Yellow Spring Instrument Co; Yellow Spring, Ohio). Also, we prepared 25 mM Tris buffer with

0, 25 or 150 mM NaCl and the conductivity measured. 
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4.2.5. Protein Thermal Unfolding

4.2.5.1. Secondary Structural Element Unfolding

Each frozen protein sample was thawed and dialyzed overnight in a desired buffer, and the

concentration was adjusted to 30 μM (~500 μg/mL). The sample (150 μL) was loaded to a quartz

circular dichroism (CD) cuvette for a CD spectrum measurement at 200-250 nm region at room

temperature with a CD spectrometer (JASCO J-810 equipped with a Peltier temperature

Controller). Then the wavelength was set to 222 nm and the temperature set to higher temperature

at a rate of 1 oC/m. The CD intensity was recorded at each temperature of 0.2 oC interval, and

stopped at 100 oC.

4.2.5.2. Tertiary Structure Unfolding

SYPRO Orange (SO) (Invitrogen; Carlsbad, California) is a dye with a well-documented

sensitivity to its hydrophobic environment (Lo et al., 2004), and was used to access exposed

hydrophobic residues by measuring the fluorescence intensity of bounded SO. Protein sample (25

μM) was mixed with 5X SO (the exact concentration was not provided by the supplier, but as

5000X), and the fluorescence intensity was recorded with Jasco FP-6200 spectrofluorometer with

excitation at 472 nm and an emission at 570 nm. When the protein molecule was folded, little SO

binding, and thus little fluorescence intensity. As the protein was unfolded thermally, more SO

molecules were bound to the exposed hydrophobic pockets, and thus more fluorescence intensity

was observed. 
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4.2.6. Protein Hydrodynamic Mass

The hydrodynamic mass of the three proteins were obtained using gel filtration column

chromatographic methods with a Superdex 200 column. The 10/30 GL column connected to a fast

performance liquid chromatography (FPLC) (AKTA Purifier; GE Healthcare; Pittsburgh,

Pennsylvania). The system was first equilibrated with an appropriate buffer, such as 5 mM

phosphate pH 7.4 with 150 mM NaCl, which was filtered and degassed prior to usage. The protein

sample was thawed on ice, centrifuged at 23,000 g for 2 m before being diluted to 25 μM, loaded

to the column and eluted at 0.5 mL/m. A calibration curve using high molecular weight standard

proteins (Aldolase, Ovalbumin, Ribonuclease, Ferritin, Conalbumin and Ribonuclease; all ~8

μg/mL and were from GE Healthcare) was established in 5 mM phosphate at pH7.4 with 50 mM

NaCl (conductivity = 5,300 mMHO) or with 150 mM NaCl (13,000 μMHO). Blue dextran (GE

Healthcare) was used to measure the void volume (Vo). The elution volume (Ve) of each sample

was then used to calculate the partition coefficient KAV (Ve - Vo)/(Vt -Vo) where Vt was the total

volume of the column. 

4.2.7. Enzyme Activity

The activity of PurE was monitored by the disappearance of the substrate (CAIR) in the

conversion of CAIR to N5-CAIR (Meyer et al., 1992; Kim et al., 2015). CAIR was synthesized in

our lab following the published method (Sullivian et al., 2014). Enzyme (10 nM) and CAIR (30

μM) in 350 μL of a specific buffer were mixed, and the UV absorbance at 260 nm was followed for

90 second. To determine the protein concentrations, the following extinction coefficients were
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used: 11460 M-1cm-1 for BaPurE, 8605 M-1cm-1 for FtPurE and 13980 M-1cm-1 for YpPurE and

~9,000 M-1cm-1 for CAIR (Meyer et al., 1992).

4.2.8. Kinetics Parameters, Km and Kcat

Ten substrate concentrations, from 1 to 100 μM, were used in each buffer system for the

enzyme activity measurement. The enzyme activities were plotted as a function of substrate

concentration to determine whether the enzyme followed a Michaelis-Menten kinetics. If it did, the

double reciprocal plots of activity vs. concentration were obtained. The Y-intercept was recorded

as 1/Vmax and the X-intercept was recorded as -1/Km. The catalytic efficiency (Kcat) was obtained

by dividing Vmax by the total enzyme concentration. The catalytic efficiency (Km/Kcat) was also

obtained. 

  4.2.9. Surface Hydrophobicity Assessment 

SYPRO Orange (a final concentration of 5X) was added to the protein samples (BaPurE,

FtPurE and YpPurE, each at 25 μM) in a specific buffer system. The fluorescence signal intensities

at room temperature were recorded as described in Section 4.2.5.2. The hydrophobic residues on

the surface of each protein were also visualized by Chimera 1.12 by selecting hydrophobicity

surface from the “presets” menus, using x-ray structures as inputs (1XMP for BaPurE, 3OOW for

FtPurE and 3KUU for YpPurE).
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4.3. Results

4.3.1. PurE from B. anthracis, Francisella tularensis and Yersinia pestis

BaPurE consisted of 1 tryptophan and 4 tyrosine residues (Figure 4.1) with an

extinction coefficient of 11,460 M-1cm-1. It had 164 residues, 20 of which are negatively

charged and 15 positively charged. The molar mass was 17.3 kDa and the isoelectric point

(PI) was 5.3. FtPurE consisted of 1 tryptophan and 2 tyrosine residues with an extinction

coefficient of 8,605 M-1cm-1. It had 166 residues, 17 of which are negatively charged and 14

positively charged. The molar mass was 17.4 kDa and the PI of 5.8. YpPurE consisted of 2

tryptophan and 2 tyrosine residues with an extinction coefficient of 13.980 M-1cm-1. It had

177 residues, 15 were negatively charged and 10 positively charged. The molar mass was

18.2 kDa and the PI 5.6 (TABLE VIII). BaPurE was shown to have 71% sequence similarity

to FtPurE, and 62% similarity to YpPurE. FtPurE and YpPurE were shown to have 70%

similarity (TABLE VIII). Sequence alignment (Figure 4.1) showed that 81 residues in all 3

enzymes were conserved. 
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TABLE VIII: SEQUENCE-RELATED PROPERTIES OF BAPURE, FTPURE, AND

YPPURE

 BaPurEa FtPurEb YpPurEc

# Tryptophan 1 1 2
# Tyrosine 4 2  2

Extension coefficient (M-1 cm-1)d 11460 8605 13980
# Negative residues 20 17 15
# Positive residues 15 14 10
# Total residuese 164 166 177

Molecular mass (Da)     17322.9 17477.1   18232.8 

pId 5.3 5.8 5.6
Sequence similarity (%)f Ba and Ft: 71 Ft and Yp:

70

Yp and

Ba: 62

aBaPurE is Bacillus anthracis N5-carboxy-amino-imidazole ribonucleotide mutase. 

bFt is Francisella tularensis. 

cYp is Yersinia pestis.

d Calculated with the program ExPASy ProtParam
(https://web.expasy.org/cgi-bin/protparam/protparam).

e residues in the full-length protein plus residual residues GSH from fusion protein cleavage

f Calculated with the program EMBOSS Needle
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/)
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Figure 4.1: Sequence alignment of BaPurE, FtPurE, and YpPurE by clustal omega.

(European Bioinformatics Institute, EBI). The conserved residues between the three proteins

are highlighted in red. Somewhat conserved residues are boxed in light blue. Yp, Ft and Ba

are the codes representing the organism where the protein is coming from, namely, Yersinia

pestis, Francisella tularensis and Bacillus anthracis in that order. The secondary structural

elements (alpha helix α, beta sheet β, TT beta turn, TTT: alpha turn and η 310-helix) are

represented on the top. The alignment was generated by ESPrit.

http://espript.ibcp.fr/ESPript/ESPript/.
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4.3.2. Buffer Conductivities

The conductivity of 5 mM phosphate with no NaCl (5P-0) was 700 μMHO, 5 mM

phosphate with 25 NaCl (5P-25) was of 3,300 μMHO, 5 mM phosphate with 50 NaCl (5P-50) had

a conductivity of 5300 μMHO and 5 mM phosphate with 150 NaCl (5P-150) was 13000 μMHO.

The conductivity of 25 mM Tris buffer at pH 8 with no NaCl added (25T-0) was 1,300 μMHO,

25Tris with 25 mM NaCl added (25T-25) was 4,000 μMHO, 25Tris with 50 mM NaCl added

(25T-50) was 5,400 μMHO and , and 25mM Tris with 150 mM NaCl added (25T-150) was 12500

μMHO (Figure 4.2 ;TABLE IX).

4.3.3. Recombinant Protein Expression and Purification

The plasmids for BaPurE, FtPurE and YpPurE were identical except the PurE gene portion,

as confirmed by DNA sequencing results. The whole-cell electrophoresis showed an over-

expression of about 43 kDa band of the fusion protein (GST-PurE; sequence mass ~ 45 kDa)

(Figure 4.3 A). About 20 mg of fusion protein per liter of culture were obtained for all three

proteins, and upon removal of the GST, 7 mg of BaPurE, 5 mg of FtPurE and 3 mg of YpPurE

(with similar purity of 80%) were obtained (Figure 4.3 B). 
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Figure 4.2: Buffer ionic strength as a function of NaCl concentration. A salt concentration ranging

from 0-150 mM NaCl yielded a linear correlation with the conductivity, and the R2 value was 0.99.
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TABLE IX: CONDUCTIVITIES OF BUFFERS USED FOR DIFFERENT EXPERIMENTS.

Buffer 5P-0a 5P-25 5P-50 5P-150 25T-0b 25T-25 25T-50 25T-150

Conductivity

(μMHO)

700 3300 5300 13000 1300 4000 5400 12500

 

a5P-0 = 5 mM phosphate with 0 mM NaCl

b25T-0 = 25 mM Tris with 0 mM NaCl
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Figure 4.3: 16% SDS-PAGE analysis. A) Whole-cell electrophoresis of cells containing GST-

PurE. Each protein was expressed as an N-terminal GST fusion protein in pDEST-15 vector; and

the expression was induced with 0.5 mM IPTG. The gel showed the over-expression of the fusion

protein in the induced colonies. M: molecular mass marker; (-) no IPTG added; (+) IPTG added. B)

Purity assessment (SDS PAGE) of PurE after GST was removed. BaPurE, FtPurE and YpPurE are

described in figure 4.1.
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4.3.4. Protein Thermal Stability  

4.3.4.1. Secondary Structural Elements 

A typical unfolding profile of BaPurE exhibited a single transition both in 5 mM phosphate

with no or 25 mM NaCl (5P-0; 5P-25) or in 25 mM Tris with no or 25 mM NaCl (25T - 0; 25T-

25), and a double transition in both 5 mM phospate with 150 mM NaCl (5P-150) and 25 mM Tris

with 150 mM NaCl (25T-150; Figure 4.4 A and D). A single transition was observed in FtPurE in

all buffers except in 5P-150 (Figure 4.4 B and E). It should be noted that in 5P-0 and 25T-25

FtPurE exhibited a gradual unfolding even at low temperature. YpPurE exhibited a single transition

temperature in all buffers except in 25T-0 where two transition were observed. There were baseline

problems in 5P-0 and 5P-25 (Figure 4.4; C and F). The average Tm for BaPurE was 48.6 + 0.9 (n

= 3) in 5P-0, 50.7 + 0.5 (n = 3) in 25T-0, 55.7 + 0.9 (n = 4) in 5P-25, 54.7 + 0.1 (n = 2) in 25T-25,

62.7 + 2.9 (n = 3) in 25 T-150, and 61.5 + 0.4 (n = 3) in 5P-150. The Tm for FtPurE 60.3 + 0.3 (n

= 3) in 5P-0, 59.3 + 0.5 (n = 4) in 25T-0, 57.1 + 0.1 (n = 2) in 5P-25, 61.5 + 2.3 (n = 3) in 25T-25,

63.2 + 2.6 (n = 3) in 25 T-150, and 62.5 in 5P-150. The Tm for YpPurE was 61.2+ 0.0 (n = 2) in

5P-0, 63.7 + 0.9 (n = 2) in 25T-0, 62.6 + 0.4 (n = 3) in 5P-25, 64.3 + 0.1 (n = 2) in 25T-25, 61.3 +

1.4 (n = 3) in 25 T-150, and 62.5 + 1.1 (n = 2) in 5P-150 (TABLE X-columns with CD222nm

heading).
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Figure 4.4: Fraction of unfolded protein recorded by CD as a function of temperature. 30 μM

sample was heated at a rate of 1oC per minute and the CD signal was recorded at 222 nm. The

experimental data are represented by the single points and the fitted line is represented by the solid

line and was the Boltzmann fit of the experimental data. A): BaPurE in 5 mM phosphate plus 0-

150 mM NaCl. B): FtPurE in 5 mM phosphate plus 0-150 mM NaCl. C): YpPurE in 5 mM

phosphate plus 0-150 mM NaCl. D): BaPurE in 25 mM Tris with 0-150 mM NaCl. E): FtPurE in

25 mM Tris with 0-150 mM NaCl. F): YpPurE in 25 mM Tris with 0-150 mM NaCl.

Black (5P-0 or 25T-0), Red (5P-25 or 25T-25), Blue (5P-150 or 25T-150).
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TABLE X: AVERAGE TM VALUES OF THERMAL UNFOLDING OF PURE (30 MM) IN
BUFFERS WITH DIFFERENT IONIC STRENGTH, MONITORED BY ELLIPTICITY VALUES
AT 222 NM WITH CIRCULAR DICHROISM (CD222 NM) METHOD AND WITH
FLUORESCENT INTENSITIES (EX = 472 NM; EM = 570 NM) OF ADDED SYPRO ORANGE
(5X SYPRO ORANGE) (FL-SO).

Buffera Conductb

μMHO

BaPurE FtPurE YpPurE

Tm oC Tm oC Tm oC

NaCl

(mM))

CD222 nm Fl-SO CD222 nm Fl-SO CD222 nm Fl-SO

5P 0 700 48.6

(0.9; 3)c

44.7

(- -; 1)

60.3

(0.3; 3)

60.5

(0.9; 4)

61.2

(0.0; 2)

60.0

(0.1; 3)

25T 0 1300 50.7

(0.5; 3)

49.5

(1.0; 2)

59.3

(0.5; 4)

60.8

(0.5; 3)

63.7g 

(0.9; 2)

63.5

(0.4; 2)

5P 25 3300 55.7

(0.9; 4)

56.0

(2.7; 4)

57.1

(0.1; 2)

60.7

(1.7; 3)

62.6

(0.4; 3)

59.8

(0.6; 3)

25T 25 4000 54.7

(0.1;2)

53.7

(0.9;2)

61.5 

(2.3;3)

60.8

(2.8;2)

64.3 

(0.1;2)

60.3

(0.1;2)

25T 150 12500 62.7d 

(2.9; 3)

63.4

(0.2; 2)

63.2

(2.6; 3)

65.0

(0.6; 3)

61.3

(1.4; 3)

60.8

(0.2; 2)

5P 150 13000 61.5e 

(0.4; 3)

62.6

(- -; 1)

62.5f

(- -; 1)

65.1

(- -; 1)

62.5

(1.1;2)

58.8

(0.3; 2)

aBuffer - 5P for 5 mM phosphate buffer at pH 7.4 and 25T for 25 mM Tris buffer at pH 8. 

bCond is the conductivity of the buffer. 

cThe values in the parentheses below each average value are those of the standard deviation and of
the number of runs. 
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dA second transition was observed with Tm = 87.2 + 1.1 oC; eA second transition was observed

with Tm = 83.9 + 0.2 oC (n = 4).  

 fA second transition was observed with Tm = 80.7 oC. No values are given for those with a single

run.

 gA second transition was observed with Tm = 79.4 oC.
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4.3.4.2. Tertiary Structure Thermal Unfolding

All the proteins exhibited a single transition in all buffer conditions (Figure 4.5). The Tm

for BaPurE was 44.7 (n = 1) in 5P-0, 49.5 + 1.0 (n = 2) in 25T-0, 56.0 + 2.7 (n = 4) in 5P-25, 53.7

+ 0.9 (n = 2) in 25T- 25, 63.4 + 0.2 (n = 2) in 25T-150 and 62.6 (n = 1) in 5P -150. The Tm for

FtPurE was 60.5 + 0.9 (n = 4) in 5P-0, 60.8 + 0.5 (n = 3) in 25T-0, 60.7 + 1.7 (n = 3) in 5P-25,

60.8 + 2.8 (n = 2) in 25T- 25, 65.0 + 0.6 (n = 3) in 25T-150 and 65.1 (n = 1) in 5P -150. The Tm

for YpPurE, was 60.0 + 0.1 (n = 3) in 5P-0, 63.5 + 0.4 (n = 2) in 25T-0, 59.8 + 0.6 (n = 3) in 5P-25,

60.3 + 0.1 (n = 2) in 25T- 25, 60.8 + 0.2 (n = 2) in 25T-150 and 58.8 + 0.3 (n = 2) in 5P -150

(TABLE X columns with “Fl-S.O” heading).

4.3.5. Protein Homogeneity Assessment by Size Exclusion Chromatography

The plot of KAV versus the molecular mass (13.7 to 440 kDa) of proteins used for

calibration was linear with a correlation coefficient of 0.99 (Figure 4.6 A). The elution profile

showed single or double peaks (Figure 4.6 B). BaPurE in solution was found to have two

components in equilibrium with KAV of 0.29 and 0.43 in 5P-0, and 0.42 and 0.55 in 5P- 25, but

with only one component with a KAV of 0.50 in 5P-150 (Figure 4.6 C). FtPurE showed a major

component with a KAV of 0.30 in 5P-0, 0.44 in 5P-25, and 0.51in 5P-150 (Figure 4.6 D). YpPurE

also eluded as a single component with a KAV of 0.28 in 5P-0, 0.42 in 5P-25 and 0.50 in 5P-150

(Figure 4.6 E; TABLE XI).
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Figure 4.5: Thermal stability of BaPurE (25 μM), FtPurE and YpPurE in buffer with different salt

concentration. A): BaPurE in 5 mM phosphate plus 0-150 mM NaCl. B): FtPurE in 5 mM

phosphate plus 0-150 mM NaCl. C): YpPurE in 5 mM phosphate plus 0-150 mM NaCl. D):

BaPurE in 25 mM Tris with 0-150 mM NaCl. E): FtPurE in 25 mM Tris with 0-150 mM NaCl. F):

YpPurE in 25 mM Tris with 0-150 mM NaCl. Black symbols: samples in 5 mM phosphate or 25

mM Tris with no salt added to the buffer; Red symbols: samples in 5 mM phosphate or 25 mM

Tris with 25 mM NaCl added to the buffer; Blue symbols: samples in 5 mM phosphate or 25 mM

Tris with 150 mM NaCl added to the buffer. The fraction of unfolded protein was obtained by

recording the fluorescence intensity of the SYPRO Orange dye.



86

Figure 4.6: Elution profile of BaPurE, FtPurE and YpPurE in 5 mM phosphate using size exclusion

with fast performance liquid chromatography (FPLC). 25 μM of the PurE sample was prepared and

150 μL was loaded to the column. A): Calibration curve in 5 mM phosphate buffer at pH7.4 with

150 mM NaCl. B): elution profile of the standard proteins. C): Elution profile of BaPurE in 5 mM

phosphate plus 0-150 mM NaCl. D): Elution profile of FtPurE in 5 mM phosphate plus 0-150 mM

NaCl. E): Elution profile of YpPurE in 5 mM phosphate plus 0-150 mM NaCl. Samples with no

salt added are in black circles; Samples with 25 mM NaCl added are represented in red squares,

and the samples with 150 mM salt added are in blue triangles. All samples were run on a Superdex

200 with a flow rate of 0.5 mL/m.
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TABLE XI: CALCULATED PARTITION COEFFICIENT (KAV) OF THE ELUTION PEAKS IN
THE DIFFERENT BUFFER CONDITIONS. THE KAV WAS OBTAINED FROM N DIFFERENT
INDEPENDENT ELUTION PROFILES AND THE VARIATION BETWEEN RUNS ARE
REPORTED AS A STANDARD DEVIATION (STD).

Buffer Conduct.

(mMHO)

BaPurE FtPurE YpPurE

[NaCl] KAV 1a STD n KAV 2b STD n KAV STD n KAV STD n

5P 0 700 0.29 0.01 6 0.43 0.03 6 0.30 0.01 6 0.28 0.01 4

5P 25 3300 0.42 0.00 4 0.55 0.01 4 0.44 0.01 3 0.42 0.00 3

5P 150 13000 0.50 0.01 4 0.51 0.01 4 0.50 0.00 5

  aKAV 1 = KAV of the first species in the sample

bKAV 2 = KAV of the second species in the same sample.
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4.3.6. PurE Enzyme Activity

All three enzymes exhibited a Michaelis-Menten kinetics, as shown in the activities versus

substrate concentration plot (Figure 4.7). 

For BaPurE, the specific activity (mol.min-1.mg-1) was found to be 11.2 + 2.6 (n = 8) in

25T-0, 19.0 in 5P-25, 23.8 in 25T-25 and 13.5 + 3.7 (n = 5) in 5P-150. For FtPurE, the specific

activity was 4.0 + 2.4 (n = 10) in 25T-0, 10.7 in 5P-25, 16.8 in 25T-25 and 9.9 + 1.2 (n = 2) in 5P-

150. For YpPurE, the specific activity was 8.3 + 1.6 (n = 8) in 25T-0, 16. 9 in 5P-25, 15.3 in 25T-

25 and 8.7 + 2.2 (n = 6) in 5P-150 (TABLE XII).
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Figure 4.7: A): Time dependent BaPurE, FtPurE and YpPurE activity assay in 25 mM Tris buffer at

pH 8. The PurE activity is represented by the decrease of the substrate CAIR absorbance per unit

time. The enzymatic assay was carried out using 30 μM of CAIR and 10 nM enzyme. The

absorbance of CAIR was recorded at 260 nm every 5s for 90s. B): Michaelis-Menten plots of

BaPurE, FtPurE and YpPurE in 25 mM Tris and 25 mM NaCl. C): Michaelis-Menten plots of

BaPurE, FtPurE and YpPurE 5 mM phosphate buffer at pH 7.4 with 150 mM NaCl. D): Michaelis-

Menten plots of BaPurE, FtPurE and YpPurE 25 mM tris and 25 mM NaCl. E): Michaelis-Menten

plots of BaPurE, FtPurE and YpPurE 5 mM phosphate and 25 mM NaCl.
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4.3.7. Km and Kcat

For BaPurE, the Km was 10.8 + 3.2 μM (n = 7) in 25T-0, 9.1 μM in 5P-50, 20.9 μM in 25 T-50 and

16.0 + 4.5 (n = 2) in 5P-150 (Figure 4.8 A, Figure 4.8 B and TABLE XII). For FtPurE, the Km was

6.2 μM in 5P-50, 11.2 μM in 25T-50 and 11.2 + 0.5 μM (n = 2) in 5P-150. The Km was not

determined in 25T-0 due to low activity. For YpPurE the Km was 16.4 + 5.3 μM (n = 3) in 25T-0,

16.6 μM in 5P-50, 11.3 in 25T-50 and 10.1 μM in 5P-150 (Figure 4.8A and Figure 4.8 B). Km in

5P-50 and 25T-50 were determined once.

4.3.8. Salt Effect on Enzyme Activity

The specific activity of BaPurE was shown to be 9.9 μmol. min-1. mg-1 in low ionic strength

buffer (conductivity = 700 μMHO) and increases to 26.5 μmol. min-1. mg-1 in a medium low ionic

strength buffer (conductivity = 5300 μMHO) and decreases again to 15.1 μmol. min-1. mg-1 in high

ionic strength buffer (conductivity = 13000 μMHO). The specific activity of FtPurE displayed the

same variation and was shown to be 4.2 μmol. min-1. mg-1 in low ionic strength buffer and

increases to 21.8 μmol. min-1. mg-1 in a medium ionic strength buffer and decreases again to 15.1

μmol. min-1. mg-1 in high ionic strength buffer . For YpPurE the specific activity of was shown to

be 12.2 μmol. min-1. mg-1 in low ionic strength buffer and increases to 27.4 μmol. min-1. mg-1 in a

medium ionic strength buffer and decreases again to 13.2 μmol.min-1. mg-1 in high ionic strength

buffer (TABLE XII; Figure 4.9).
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Figure 4.8: Double reciprocal linear regression (Lineweaver Burk plot). The Km and Vmax were

obtained from the linear regression. Vmax was calculated as 1/ Vo-intercept and Km as -1/[CAIR]-

intercept. The correlation coefficient (R2) was used to access the reliability of the data. A): BaPurE

in 25 mM Tris, 0 mM NaCl; B): FtPurE in 25 mM Tris, 0 mM NaCl; C): YpPurE in 25 mM Tris, 0

mM NaCl. D): BaPurE in 25 mM Tris, 25 mM NaCl; E): FtPurE in 25 mM Tris, 25 mM NaCl; F):

YpPurE in 25 mM Tris, 25 mM NaCl; G): BaPurE in 5 mM phosphate with 25 mM NaCl; H):

FtPurE in 5 mM phosphate with 25 mM NaCl; I): YpPurE in 5 mM phosphate with 25 mM NaCl;

J): BaPurE in 5 mM phosphate with 150 mM NaCl; K): FtPurE in 5 mM phosphate with 150 mM

NaCl; L): YpPurE in 5 mM phosphate with 150 mM NaCl.
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TABLE XII: MICHAELIS-MENTEN CONSTANT (KM). A MAXIMUM INITIAL RATE
(VMAX)A, TURN OVER NUMBER (KCAT)B AND SPECIFIC ACTIVITY (SA) OF BAPURE,
FTPURE, AND YPPURE WITH SUBSTRATE CAIR (30 ΜM) IN BUFFERS WITH
DIFFERENT IONIC STRENGTH (CONDUCTIVITY) AT 21 OC.

Buffer Conductivity

(μMHO)

PurE Km 

(μM)

Vmax 

(μmol min-1 mg-1)

Kcat 

(min-1)

Kcat / Km x 107

(M -1 min-1)

SA 30 μM

(μmol mg-1 min-1)

25T-0 1300

Ba 10.8 + 3.2 (7)c 17.6 + 4.3 (7) 306 + 75 (7) 2.9 + 0.3 (7) 11.2 + 2.6 (8)

Ft NDd ND ND ND 4.0 + 2.4 (10)

Yp 16.4 + 5.3 (3) 13.2 + 4.7 (3) 303 + 133 (3) 1.4 + 0.4 8.3 + 1.6 (8)

5P-50 5400

Ba 9.1 22.6 391 4.3 19.0

Ft 6.2 14.1 247 4.0 10.7

Yp 16.6 28.2 514 3.1 16.9

25T-50 5700

Ba 20.9 38.2 661 3.2 23.8

Ft 11.2 24.6 430 3.8 16.8

Yp 11.3 22.7 414 3.7 15.3

5P-150 13000

Ba 16.0 + 4.5 (2) 21.8 + 8.3 (2) 377 + 143 (2) 2.3 + 0.2 (2) 13.5 + 3.7 (5)

Ft 11.2 + 0.5 (2) 12.7 + 0.6 (2) 221 + 11 (2) 2.0 + 0.0 (2) 9.9 + 1.2 (5)

Yp 10.1 10.7 181 + 19 (2) 1.6 + 0.6 (2) 8.7 + 2.2 (6)

a Km and Vmax values were obtained from double reciprocal plots.

 bkcat values were calculated from Vmax /[PurE]total. [PurE] = 10 nM per monomer or 1.23 nM per
octomer. 

cn value is shown in parenthesis.

 dND = Activity was too low to be measured.
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Figure 4.9: The specific activity of enzymes in increasing buffer ionic strength (conductivity) in 5

mM phosphate buffer with variable amount of NaCl added. Black squares represent the specific

activity of BaPurE, red circle represent the specific activity of FtPurE and blue triangles represent

the specific activity of YpPurE. 
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 4.3.9 Inhibition Study

The activity of FtPurE in 25T-0 was determined with and without LC5. The activity of FtPurE with

LC5 was found to be 80% that of the activity of FtPurE without LC5. This 20% inhibition is

comparable to that of LC5 on BaPurE (Kim et al., 2015).

4.3.10. Protein Surface Hydrophobicity

The average SYPRO Orange fluorescence intensity for BaPurE (25 μM) samples was 280 +

2 au (n = 12), for FtPurE was 107 + 2 au (n = 12) and for YpPurE was of 37 + 2 au (n = 12) (Figure

4.10). The surface hydrophobicity representation shows the deep orange as highly hydrophobic,

light orange as somewhat hydrophobic, white as neutral and blue as hydrophilic. Between the three

structures. The qualitative nature of the surface display made it difficult to visualize hydrophobicity

quantitatively.
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Figure 4.10: Surface hydrophobicity evaluation. Each of the protein was prepared in 5 mM

phosphate with 0 mM NaCl or 150 mM NaCl. 25 μM sample was prepared with 5 X SYPRO

Orange and the fluorescence intensity was recorded at the excitation of 472 and emission of 570 nm

for 3 min at 25 oC. A): Fluorescence intensity of BaPurE, FtPurE and YpPurE. The reported

intensities are that of the average of three separate samples. B): Hydrophobic residue on the surface

of BaPurE, 1XMP; C): Hydrophobic residue on the surface of FtPurE, 3OOW; D): Hydrophobic

residue on the surface of YpPurE, 3KUU. The visual representation was generated by Chimera.
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4.4. Discussion

Our goal was to characterize the three homologous (BaPurE, FtPurE and YpPurE) enzymes

and identify similarities as well as distinct characteristics that can be exploited in the development

of a common inhibitor as well as separate, specific inhibitor for each. With the accessibility of

genome sequencing, valid target identification as well are high throughput crystallization is readily

available (Anderson et al., 2003). Choosing the optimal condition as well as type of inhibitor for

each target still require the full biochemical characterization of the target. The activity of PurE in

the de novo purine biosynthesis pathway support the growth and the virulence of bacteria like

Bacillus anthracis and Yersinia pestis in murines (Samant et al., 2008; Jenkins et al., 2012) as well

as the growth of mycobacterium tuberculosis (Sasseti et al., 2003). Given the importance of PurE in

bacterial growth and virulence, finding an inhibitor for this enzyme is necessary.

Our data showed that in a buffer with about 50 mM NaCl to give a conductivity between

5300 to 5400 μMHO, all three enzymes exhibit an optimal activity. Under the same buffer

condition, the three enzymes show lower stability as compared with buffers with higher salt

concentrations as shown by the secondary and tertiary elements unfolding. The slight difference in

structural stability for FtPurE and YpPurE in the different buffer was statistically significant. The

homogeneity of BaPurE in solution also dependent on salt content in the buffer.

In general, the three enzymes exhibited similar kinetic as well as structural stability

properties in solution. It is thus possible to develop common inhibitors for all 3 enzymes.

However, the surface hydrophobicity showed that BaPurE exhibited almost three times the

number of hydrophobic patches on its surface than FtPurE and almost eight times the amount on the
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surface of YpPurE in all buffer conditions. Given that the three homologous enzymes are more than

50 percent identical in amino-acid sequence, three to eight times more in surface hydrophobic

residues signify a disproportionate preference of the hydrophobic residues on the surface of BaPurE.

Thus, we may take advantage of this difference to develop inhibitors that can selectively bind to the

BaPurE, but not the other two enzymes, to allow a narrow spectrum antibiotic development.

To our knowledge, this is the first time that PurE for B. anthracis, F. tularensis and Y. pestis

have been fully characterized and the molecular information uncovered in this study will be

invaluable in the selection of inhibitors. 

4.5. Conclusion

Optimization of assay buffer condition and the identification of the appropriate biochemical

method are the first essential steps in the long screening process for narrow and broad spectrum

antibiotic discovery. PurE has been shown to be a good target for growth and virulence attenuation.

To find a potent inhibitor for this enzyme in different species, it is important to find the similarities

and differences in the molecular structure that will aid in the selection of the appropriate inhibitors.

The data showed a significant difference in the number of hydrophobic residues on the surface of

the three proteins that can be explored to select and improve a specific inhibitor. We found that all

three enzymes exhibited optimum activity in medium ionic strength buffer with 50 mM NaCl in the

buffer, and we found that the homologous enzyme have similar stability in high salt buffer. The

structural features uncovered in this study will be useful in the selection of lead compounds. 
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4.6. Future Directions

The next step is to screen the inhibitors of BaPurE on FtPurE and YpPurE for level of

inhibition. It will be important to identify the residues that have the greatest impact on the protein

surface hydrophobicity and thus to develop selective inhibitors. 
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